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This Final Environmental Impact Statement (FEIS) addresses the potential
environmental impacts that may be associated with the implementation of the Cassini
mission, a cooperative science effort planned by the National Aeronautics and Space
Administration (NASA), the European Space Agency (ESA), and the Italian Space Agency
(ASI). The mission would involve the use of the Cassini spacecraft, including an Orbiter
and the detachable Huygens Probe, to conduct a 4-year scientific exploration of the planet
Saturn, its atmosphere, moons, rings, and magnetosphere. The Huygens Probe would be
released to collect data from the atmosphere of Saturn's largest moon, Titan.

The Proposed Action addressed in this FEIS consists of preparing for and
implementing theCassini mission. The Cassini spacecraft would be launched from the
Cape Canaveral Air Station (CCAS) using the Titan IV (Solid Rocket Motor Upgrade
[SRMU] or Solid Rocket Motor [SRM])/Centaur. The primary launch opportunity would be
in October 1997 with contingency launch opportunities in December 1997 (secondary) or
March 1999 (backup). The primary launch opportunity would place the spacecraft into a
6.7-year Venus-Venus-Earth-Jupiter-Gravity-Assist (VVEJGA) trajectory to Saturn. The
secondary and backup launch opportunities would use an 8.8-year and a 9.8-year Venus-
Earth-Earth-Gravity-Assist (VEEGA) trajectory, respectively. The amount of science return
(i.e., data) from either contingency launch opportunity would be less than the return
associated with the primary launch opportunity. In the event that the Titan IV(SRMU)
were not available, a Titan IV (SRM) would be used. The launch opportunities would
remain the same.

The alternatives to the Proposed Action evaluated in detail are a 1999 mission
alternative, a 2001 mission alternative, and the No-Action alternative (i.e., cancellation of
the mission). The 1999 mission alternative would involve dual Shuttle launches from the

Kennedy Space Center (KSC} in which the first launch would predeploy an upper stage(s)
into low Earth orbit, and a second launch, 21 to 51 days later, would deliver the Cassini
spacecraft and the remaining upper stage(s). An on-orbit mating of the upper stage(s)



with the Cassinispacecraft would be followed by upper stage ignition and insertionof the
Cassinispacecraft into its 9.8-year VEEGAinterplanetarytrajectory. A backup launch
opportunity, with a 9.4-year VEEGA,would occur in August 2000. The sciencereturn
from this alternative would be less than that expectedfor the 1997 primary launch
opportunity in the ProposedAction.

The primary launch opportunity for the 2001 missionalternativewould not require
an Earthswingby. It would, however, require the spacecraft to be equippedwith
20 percent largerpropellant tanks and completing the developmentand flight testing of a
high performancerheniumspacecraft propulsionengine. The Cassinispacecraftwould be
launchedby the Titan IV (SRMU)/Centaurfrom CCAS into a lO.3-year Venus-Venus-
Venus-Gravity-Assist(VVVGA) trajectory. An 11.4-year VEEGAbackup launch
opportunity for this alternativewould occur in May 2002. The level of sciencereturn
associatedwith this alternative would be reducedwhen comparedwith the return
associatedwith the ProposedAction.

The only expected environmental impacts of the Proposed Action and of the 1999
and 2001 mission alternatives would be associated with the normal launch of the Titan IV

(SRMU or SRM)/Centaur or the Shuttle. The impacts for the 1999 mission alternative
would occur twice for the dual Shuttle launches. The impacts would primarily be short-
term in nature affecting the air quality and water resources near the launch site.

The principal concern associated with the launch of the Cassini spacecraft would be
a potential accident involving the three radioisotope thermoelectric generators (RTGs) used
onboard the spacecraft to provide electrical power and the radioisotope heater units
(RHUs) used to control the thermal environment onboard the spacecraft and the Probe. In
the unlikely event that a launch accident causes sufficient damage to the RTGs, plutonium
dioxide fuel contained within the RTGs could be released to the environment. Extensive

U.S. Department of Energy (DOE) testing and evaluation programs have demonstrated the
effectiveness of the RTGs and the RHUs to contain the fuel under a wide range of accident
test conditions. Therefore, only small fuel releases are postulated if alaunch accident
occurred.

Representative launch accident scenarios were evaluated for the Proposed Action
and the other mission launch alternatives. Of these accident scenarios, the accident
environments sufficient to cause a release of plutonium dioxide fuel from the RTGs could
occur in the CCAS/KSC region, limited areas under the vehicle flight path while over
Africa, and indeterminate locations within the global area.

NASA has postulated two low probability accident scenarios that could occur
during the interplanetary cruise portions of the VVEJGA and VEEGA trajectories. These
scenarios would result in either a short-term or long-term inadvertent reentry of the Cassini
spacecraft. The Proposed Action and the 1999 mission alternative have the potential for
both a short-term and long-term inadvertent reentry. The 2001 alternative, because of its
VVVGA trajectory, does not have the potential for a short-term inadvertent reentry.
However, this trajectory would not rule out the possibility of a long-term inadvertent

reentry.



Noenvironmental impactswould be associatedwith the No-Action alternative.
NASA, ESA,and ASl would experienceadversemission-specific impacts if the No-Action
alternative is adopted. The sciencereturn specific to this missionwould be lost, and the
ability of the United Statesto enter into future internationalagreementsfor cooperative
spaceactivities could be impaired.
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EXECUTIVESUMMARY

This FinalEnvironmentalImpact Statement (FEIS)has beenpreparedin accordance
with the National EnvironmentalPolicyAct of 1969 (NEPA)(42 U.S.C. 4321 et seq.), as
amended;the Council on EnvironmentalQuality Regulationsfor Implementingthe
ProceduralProvisionsof NEPA(40 CFRParts 1500-1508); and the NationalAeronautics
and SpaceAdministration's (NASA)policy and regulations(14 CFRSubpart 1216.3) to
support the decision-makingprocessconcerningthe ProposedAction and alternatives for
NASA's Cassini spaceexplorationmission.

PURPOSEAND NEEDFORTHEACTION

The Cassinimission is an international cooperative effort beingplannedby NASA,
the EuropeanSpaceAgency (ESA),and the Italian SpaceAgency (ASI) to explore the
planet Saturn and its environment. The mission would involve a 4-yeartour of Saturn, its
atmosphere,moons, rings, and magnetosphereby the Cassinispacecraft, which consists
of the Orbiter and the detachableHuygensProbe. The HuygensProbewould be released
from the CassiniOrbiter to descendby parachutethrough the atmosphereof Saturn's
largest moon, Titan. During the descent, instrumentson the Probewould directly sample
the atmosphereand determine its composition. The Probewould also gather data on
Titan's landscape.

The Cassinispacecraft would carry three radioisotopethermoelectricgenerators
(RTGs)that use the heat from the decay of plutonium (Pu-238) dioxide fuel to generate
electric power for the spacecraft and its instruments. The spacecraftwould use
radioisotopeheater units (RHUs)(157 are planned),also containing plutonium dioxide, to
generateheat for controlling the thermal environment onboardthe spacecraft and several
of its instruments. The U.S. Departmentof Energy(DOE)would supply the RTGsand
RHUsto NASA.

NASA would provide the groundcommunicationsnetwork and two scientific
instrumentsfor the HuygensProbe. ESA would provide the HuygensProbe,and ASI
would providemajor elementsof the CassiniOrbiter's communicationsequipment and
elementsof severalscienceinstruments.

The Cassinimission is part of NASA's programfor explorationof the solar system.
The goal of the programis to understandthe birth and evolution of the solar system.
Initially, this programconcentratedon flyby or reconnaissance-typemissionsto the outer
solar system. With the launchof the Galileospacecraft in 1989, the programbegan its
transition to exploration-typemissionsto the outer planets using orbiters and atmospheric
probes. The Cassinispacecraft would make remoteand close-upmeasurementsof Saturn,
its atmosphere,moons, rings, and magnetosphere. This information could also provide
significant insights into the formation of the solarsystem and the conditions that led to life
on Earth.
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ALTERNATIVES EVALUATED

The Proposed Action addressed by this FEIS consists of preparing for and
implementing the Cassini mission to Saturn to conduct a 4-year scientific exploration of
the planet, its atmosphere, moons, rings, and magnetosphere. NASA proposes to launch
the spacecraft from Cape Canaveral Air Station (CCAS) (formerly Cape Canaveral Air Force
Station [CCAFS]) in October 1997 using a Titan IV (Solid Rocket Motor Upgrade [SRMU])
and a Centaur upper stage (i.e., Titan IV (SRMU)/Centaur) to place the Cassini spacecraft
into a 6.7-year Venus-Venus-Earth-Jupiter-Gravity-Assist (VVEJGA) trajectory to Saturn.
The SRMU is the most recent upgrade of the solid rocket motor [SRM] used on the
Titan IV. If the October 1997launch opportunity were missed, a secondary launch
opportunity exists in December 1997 using an 8.8-year Venus-Earth-Earth-Gravity-Assist
(VEEGA) trajectory and a backup launch opportunity exists in March 1999 using a 9.8-year
VEEGA trajectory. In the event that the Titan IV (SRMU)/Centaur were not available, a
Titan IV (SRM)/Centaur would be used. The launch opportunities would remain the same.

The alternatives to the Proposed Action evaluated in detail are a 1999 mission
alternative, a 2001 mission alternative, and the No-Action alternative (i.e., the cancellation
of the mission). The 1999 mission alternative would entail dual Shuttle launches from the

Kennedy Space Center (KSC), separated by 21 to 51 days, to deliver the Cassini
spacecraft and the upper stage(s) into low Earth orbit. An on-orbit mating of the upper
stage(s) and the spacecraft would be performed by astronauts followed by insertion of the
spacecraft in March 1999 into its 9.8-year VEEGA interplanetary trajectory to Saturn. A
backup launch opportunity, a 9.4-year VEEGA, occurs in August 2000. The 2001 mission
alternative would use the Titan IV (SRMU)/Centaur to launch the Cassini spacecraft into a

10.3-year Venus-Venus-Venus-Gravity-Assist (VVVGA) trajectory to Saturn. The
spacecraft would require 20 percent additional propellant, as well as completing
development of and flight testing a high performance rhenium engine for spacecraft
propulsion to accommodate the amount of maneuvering associated with the VVVGA
trajectory. An 11.4-year VEEGA backup launch opportunity occurs in May 2002. The No-
Action alternative would cancel the mission.

In developing the alternatives (i.e., the Proposed Action and the 1999 and 2001
missions), the available options for the following key components of the mission design
were evaluated: launch vehicles, interplanetary trajectories, and power sources for
spacecraft electrical needs.

Several criteria were used to evaluate the options: technological feasibility and
availability of the option for implementing the mission at the earliest opportunity, impact of
the option on the ability of the spacecraft to achieve the mission science objectives, and
potential of the option for reducing or eliminating environmental impacts that could be
associated with the mission. The evaluation provided the following results: (1) the
Titan IV (SRMU)/Centaur is the most capable U.S. launch vehicle available to implement
the mission; (2) the Cassini mission to Saturn requires planetary gravity-assist trajectories;
and (3) the spacecraft requires the use of RTGs to satisfy the mission electrical power
needs.
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The overall result of the options evaluated indicates that implementation of the

Proposed Action, with its three launch opportunities (i.e., primary in October 1997,

secondary in December 1997, or backup in March 1999), provides the greatest

opportunity to achieve the mission science objectives. The 1999 mission alternative and

the 2001 mission alternative also are technically feasible and provide opportunities to

achieve most of the science objectives planned for the mission but with less science return

(i.e., data).

ENVIRONMENTAL IMPACTS

The only expected environmental impacts of the Proposed Action, as well as the

1999 and 2001 mission alternatives, would be associated with the normal launch of the

Cassini spacecraft on the Titan IV (SRMU or SRM)/Centaur or the Shuttle. These impacts

have been addressed in previous NEPA documents prepared by the U.S. Air Force (USAF)

for its Titan IV launch operations at the CCAS (USAF 1986, USAF 1988a, USAF 1988b)

and for the Titan IV using the SRMU (USAF 1990) and prepared by NASA for the Shuttle

launches (NASA 1978, NASA 1979, NASA 1988b, NASA 1989b, NASA 1990). The

evaluation of these alternatives also used other NEPA-related documentation, including the

EIS for the Kennedy Space Center (KSC) (NASA 1979) and the KSC Environmental

Resources Document (NASA 1994).

For the Proposed Action, the environmental impacts of a normal launch of the

Cassini spacecraft on a Titan IV (SRMU or SRM)/Centaur would result from exhaust

emissions (i.e., the exhaust cloud) from the two solid rocket motors (principally aluminum

oxide particulates [AI203], hydrogen chloride [HCI], and carbon monoxide [CO]), which

would have a short-term impact on air quality in the vicinity of the launch site; noise from

the SRMUs or SRMs, which would not adversely impact the nearest unprotected person

(or the general public); deposition of acidic SRMU or SRM exhaust products, largely on the

launch complex itself, but which could reach nearby marsh and surface water areas where

natural buffering would substantially reduce any impacts; and short-term impacts on

stratospheric ozone along the launch vehicle's flight path from the SRMU or SRM exhaust

products. No substantial long-term environmental impacts would be associated with a

normal launch of the Cassini spacecraft for any of the launch opportunities.

The radiological concern associated with the mission is the potential release of

some of the approximately 32 kg {71 Ib) of plutonium dioxide (consisting of around

71 percent by weight Pu-238 at launch) in the RTGs and RHUs onboard the spacecraft. In

the unlikely event that an accident were to occur during the launch of the spacecraft (i.e.,

from the time of ignition of the SRMUs or SRMs, through the insertion of the spacecraft

into its interplanetary trajectory), the safety features incorporated into the RTGs and

RHUs, in most cases, would limit or prevent any release of the plutonium dioxide fuel.

However, in the unlikely event of a launch phase accident causing a release of plutonium

dioxide fuel, no health effects (i.e., excess latent cancer fatalities ]above the normally

observed cancer fatalities]} would be expected to occur if members of the population were

exposed to the released radioactive fuel.

For launch Phases 1 through 6 on the Titan IV (SRMU)/Centaur, four accident

scenarios were identified as representative of the categories of failures that could release
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plutonium dioxide fuel to the environment. In addition, two postulated very low probability
(i.e., much lower than the probabilities for Phases 1 through 6) accident scenarios that

could occur during the interplanetary portions of the VVEJGA and VEEGA trajectories were
identified as the short-term and long-term inadvertent reentry scenarios. The short-term
scenario would involve the inadvertent reentry of the spacecraft into the Earth's
atmosphere during a planned Earth swingby, and the long-term scenario would involve a

spacecraft failure that leaves the spacecraft drifting in an Earth-crossing orbit and
potentially reentering the Earth's atmosphere adecadeto millennia later. Preliminary
estimates for a Titan IV (SRM)/Centaur launch indicate that the radiological consequences
and the risk would be similar to those for the Titan IV (SRMU)/Centaur.

Depending on the accident scenario, the CCAS/KSC regional area, limited portions
of the African continent under the vehicle flight path, or indeterminate locations within the

global area could be impacted by plutonium dioxide fuel releases. The CCAS/KSC regional
area could be impacted if a Phase 1 accident were to result in a release. Areas outside the
region (i.e., portions of the African continent; areas elsewhere around the world) could be

impacted if an accident resulting in a release were to occur in Phase 5 or 6. Considering
potential accidents that could result in a release across all launch phases, no excess cancer
fatalities would be expected in the exposed population. No releases of plutonium from the
RTGs to the environment are postulated if any of the representative accident scenarios
occurred in Phases 2, 3, or 4.

During the interplanetary portions of the mission, postulated short- and long-term
inadvertent reentry accident scenarios could result in releases of plutonium dioxide to the
environment. However, NASA is designing the mission to avoid the potential for such
accidents. The mission's design ensures that the expected probability of an inadvertent

reentry would be less than one in amillion. If such an accident were to occur, plutonium
dioxide could be released in the upper atmosphere and/or scattered in indeterminate
locations on the Earth's surface. Within the exposed population of 5 billion people,
approximately 1 billion people (i.e., 20 percent or 1/5 of the population) would be
expected to die of cancer due to other causes. The estimated fatalities that could result

from an inadvertent reentry with release would represent an additional 0.0005 percent
above the normally observed 1 billion cancer fatalities.

The principal method used in this document for characterizing the radiological
impacts of each alternative evaluated is health effects risk. Health effects are expressed
as the number of excess latent cancer fatalities (above the normally observed cancer
fatalities) caused by exposure to the plutonium dioxide fuel. As used in this FEIS, health
effects mission risk is the probability of an accident with a plutonium dioxide fuel release

(i.e., the probability of an initiating accident times the probability of that accident causing a
release of plutonium dioxide, since not all accidents would result in a plutonium dioxide
release) multiplied by the consequences of that accident (i.e., the health effects that could

be caused by the exposure of individuals to the plutonium dioxide), summed over all
postulated accidents. Estimates of health effects mission risk, as discussed in this FEIS,
represent the expectation latent cancer fatalities. The expectation health effects mission
risk over all mission phases (i.e., the total or overall health effects mission risk) does not
include contributions to risk from the long-term reentry scenario.
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Forthe ProposedAction, the healtheffects mission risk consideringall launch
phasesfor the primary launchopportunity would be8.4x 10-7. The health effects mission
risk from the short-term inadvertent reentry accident during the Earth swingby portion of

the primary launch opportunity's VVEJGA trajectory would be 1.7 x 10 -3 and for the
secondary and backup opportunities' VEEGA trajectories would be 1.8 x 10 .3 . The total
health effects mission risk (considering all launch phases and the Earth-Gravity-Assist

trajectories) from the primary launch opportunity would be 1.7 x 10 -3 and from the backup
launch opportunity would be 1.8 x 10 -3 . The health effects mission risks from the Cassini
mission would be small and less than the total health risks faced by the public from

construction and/or operation of large industrial projects.

The environmental impacts of a normal launch of the 1999 mission would be
associated with the normal operations of the Shuttle. These Shuttle operations would

result in temporary impacts on air and water quality near the launch site. Because this
alternative would require two Shuttle launches, impacts would occur two times separated

by21 to 51 days.

During the second Shuttle launch for this mission alternative, certain accidents that
may occur could result in a release of a portion of the plutonium dioxide from the RTGs to
the environment. The local CCAS/KSC regional area could be impacted if a Phase 1
accident resulted in a release. Limited portions of the African land mass could be impacted
by a Phase 2 accident, and Phases 3 and 4 accidents could impact indeterminate locations
within the global area. In addition, releases could occur from an accident occurring during
a short-term inadvertent reentry.

Potential failures and radiological consequences associated with the Earth swingby
portions of the VEEGA trajectory would be expected to be identical to those analyzed for
the VEEGA swingbys for the 1999 backup launch opportunity of the Proposed Action.

Using estimation methods similar to that for the Proposed Action, the health effects
mission risk over all the mission launch phases for the 1999 mission alternative is
2.1 x 10 -6. The corresponding risk from a short-term inadvertent reentry during the Earth
swingby portion of the VEEGA trajectories would be 1.8 x 10 -3, and the total health
effects mission risk would be 1.8 x 10 -3.

The environmental impacts of a normal launch of the 2001 mission alternative
would be similar to those estimated for the Proposed Action. The spacecraft with a high

performance rhenium propulsion engine would be launched on the Titan IV
(SRMU)/Centaur. The launch accident scenarios that could result in a release of plutonium
dioxide fuel and the associated consequences and risks would be identical to those
evaluated for the Proposed Action. The overall health effects mission risk from the launch

phases is 8.4x 10 .7 . The primary launch opportunity of this 2001 mission alternative
would not use the Earth for a gravity-assist (the trajectory is a VVVGA); subsequently,
there would be no consequences and health effects mission risks associated with a short-
term inadvertent reentry. Because there is no non-EGA backup launch opportunity for the
2001 mission alternative, the backup opportunity would use aVEEGA. The health effects
mission risk from the backup short-term inadvertent reentry is 1.8 x 10 -3 . The overall
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health effects mission risk from the primary opportunity is 8.4 x 10 -7 and from the backup
is 1.8 x 10 .3 .

For all launch opportunities, should the spacecraft become uncommandable any
time after injection into its interplanetary trajectory and before the final planetary gravity-
assist, the spacecraft could eventually reenter the Earth's atmosphere a decade to
centuries later (i.e., long-term inadvertent reentry scenario). The health effects mission
risk of such an event is assumed to be similar (i.e., same order of magnitude) to that
estimated for the short-term inadvertent reentry for the primary launch opportunity
associated with the Proposed Action.

No environmental impacts would be associated with the No-Action alternative.

MISSION-SPECIFIC CONSIDERATIONS

The Proposed Action has the greatest potential to accomplish the mission and its
scientific objectives. In addition, because the Proposed Action would ensure that adequate
performance margins are available (e.g., spacecraft propellant available for maneuvers
during the Saturn science tour), it would have the greatest likelihood to take advantage of
both planned and unplanned opportunities for science return. The expected science return
for the Proposed Action's December 1997 and March 1999 contingency launch
opportunities would be less due to the later arrival time at Saturn. For similar reasons, the
expected science return for the 1999 mission alternative using the two-Shuttle launch
would be less than the return obtained from the Proposed Action.

Although the 2001 mission alternative would achieve most of the planned science

objectives, it would not return as much science as the Proposed Action. The larger
propellant tank and propellant load would reduce the overall mission performance, requiring
the use of a specially developed rhenium spacecraft propulsion engine. Even with the use
of this more efficient propulsion engine, the number of Titan flybys would be reduced from
35 to 21. Other trajectory adjustments would be necessary to conserve propellant. In
addition to reducing the opportunity for obtaining the planned science return, the ability of
the spacecraft to take advantage of unplanned discoveries would be limited. Because this
alternative requires a longer flight time than the Proposed Action, and the launch would be
delayed relative to the primary launch opportunity, the international partnerships formed to
develop the Cassini spacecraft, Huygens Probe, and other space-related projects could be
disrupted.

Because the No-Action alternative would cancel the mission, the science return

would be lost, and the ability of the United States to enter into future international
agreements for cooperative space activities could be impaired.
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1. PURPOSEAND NEEDFORACTION

This Final EnvironmentalImpact Statement (FEIS)has beenpreparedby the National
Aeronautics and SpaceAdministration (NASA)to support the decision-makingprocessas
requiredby the National EnvironmentalPolicy Act (NEPA)and provides information
associatedwith potential environmentalimpacts that could be causedby implementation
of the Cassinimissionand feasiblealternatives. The ProposedAction consists of preparing
for and implementingthe Cassinimissionto conduct a 4-year scientific explorationof
Saturn, its atmosphere,moons, rings,and magnetosphere. In addition, the HuygensProbe
would be releasedfrom the Cassinispacecraft into the atmosphereof Saturn's largest
moon,Titan, to collect data. The primary launchopportunity is plannedfor October 1997
from CapeCanaveralAir Station (CCAS),Florida,on a Titan IV (SolidRocket Motor
Upgrade[SRMU]or Solid RocketMotor [SRM])/Centaur. The Centaurwould inject the
Cassinispacecraft into a Venus-Venus-Earth-Jupiter-Gravity-Assist(VVEJGA)trajectory to
Saturn. If the spacecraft could not be launchedin October 1997, it would be launched
from CCASduring one of the two contingency launchopportunities (December1997 and
March 1999) and would use a Venus-Earth-Earth-Gravity-Assist(VEEGA)trajectory. Inthe
event that the Titan IV (SRMU)/Centaurconfiguration were not available,a Titan IV
(SRM)/Centaurconfiguration would be used. The Titan IV (SRM)/Centaurlaunch
opportunities and associatedtrajectories for the ProposedAction would essentiallybe the
sameasthose for the SRMU. Section 2 of this EISevaluatesthe alternativesconsidered
to achievethe mission.

1.1 BACKGROUND

The Cassinimission is an internationalcooperativeeffort of NASA, the European
SpaceAgency (ESA),and the Italian SpaceAgency (ASI)to explore the planet Saturn and
its moons, particularly its largest moon, Titan. The missionwould include a 4-yeartour of
the Saturniansystem. Afew months after arrival at Saturn, the Cassinispacecraft would
releasethe HuygensProbefor its descentthrough the atmosphereof Titan. The Probe
would collect data on the composition of Titan's atmosphereand hazelayers and could
also create imagesof Titan's surface. Thesedatawould beessential in determiningthe
propertiesof Titan. After delivering the Probe,the Cassinispacecraft would perform
severalswingbys of Saturn's icy satellites, acquiredata on Saturn's rings from several
angles,perform radar mappingof Titan's surface, and take measurementsof Saturn's
magnetosphereand charged-particleenvironment.

Dependingupon the mission alternative, the launchvehicle and launch services
would be providedeither by NASA or the U.S. Air Force. NASA would provide the ground
communicationsnetwork and two scientific instrumentsfor the HuygensProbe. ESA
would provide the HuygensProbe,and ASI would provide major elementsof the Cassini
Orbiter's communicationsequipmentand elementsof severalscienceinstruments. Several
of the ESA memberstates would make independentcontributions to the Cassini science
investigation.

The Cassinimission is part of NASA's programfor the explorationof the solar
system. The goal of this programis to understandthe birth and evolution of the planetary
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system using a strategy that requiresanorderly progressionin the levelof investigation.
This progressioninvolves initial planetary reconnaissancemissions,followed by more
intensiveexploratory missionswithin eachof the three regionsof the solar system: the
inner solar system (terrestrialplanets),the primitive bodies (cometsand asteroids),and the
outer solar system (the gasgiants and Pluto). Generalscientific objectives for exploration
of the outer planets, and of the Saturniansystem in particular, have beenestablishedby
the appropriatescientific advisorycommittees, includingthe Committeeon Planetaryand
LunarExplorationof the National ResearchCouncil's SpaceScienceBoard(currently Space
Studies Board)and the NASA Advisory Council's SolarSystem ExplorationCommittee.
Until recently, missionsto the outer solar system concentratedon flyby or reconnaissance-
type missions. With the launchof the Galileomissionto Jupiter in 1989, however, NASA
beganthe transition to moredetailed orbital and in-situ probe missions. The Cassini
mission to Saturn continues the more detailed exploration of the outer solar system.

Whenever a Federal agency proposes to undertake a major action that can
significantly affect the quality of the human environment, NEPA of 1969 (42 USC 4321 et

seq.), as amended, and the Council on Environmental Quality Regulations for Implementing
the Procedural Provisions of NEPA (40 CFR Parts 1500-1508) require the agency to
undertake the systematic examination of possible and probable environmental
consequences of the Proposed Action and its alternatives. NASA's policy and regulations
(14 CFR Subpart 1216.3) require the preparation of an EIS for the development or
operation of nuclear systems as provided for at 14 CFR 1216.305(c)(3). This EISprovides
the required environmental documentation associated with the decision-making process for
the Cassini mission.

The approach to providing environmental documentation for the Cassini mission,
including this mission-specific EIS, has been the product of an evolving process. On
February 27, 1991, NASA published a Notice of Intent in the Federa! Register
(56 FR 8219) to prepare a programmatic EIS for future activities under NASA's Outer
Solar System Exploration (OSSE) program, as well as for two OSSE missions that were
planned in February 1991--the Comet Rendezvous Asteroid Flyby (CRAF) mission and the
Cassini mission. At that time, these two missions, as well as other future OSSE missions

under consideration (e.g., the Comet Nucleus Sample Return mission and the Neptune
Orbiter-Triton Probe), were to share a number of similar requirements for launch energy,
electrical power, onboard propulsion, and guidance and control. A common multipurpose,
multimission spacecraft design, the Mariner Mark II, was being developed to satisfy these
similar requirements for reducing the overall cost of each OSSE program.

In January 1992, budget proposals deleted funding for the CRAF mission, future
OSSE missions were being reassessed, and the multipurpose Mariner Mark II spacecraft
design efforts were redirected toward lighter, cheaper mission-specific spacecraft. These
changes, particularly the move toward mission-specific spacecraft, reduced and/or
eliminated many of the commonalities in near-term and future OSSE missions that formed
the basis for the Mariner Mark II and the programmatic EIS.

On October 7, 1992, NASA published an information update in the Federa! Register
(57 FR 46198) outlining the developments and changes noted above and indicated that,

because of these changes, the EIS effort would be redirected to a mission-specific EIS for
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the Cassinimission only. The mission-specificEISfor the Cassinimissionwas started
shortly after this update was published. The environmentalissuesraisedduring the
scopingperiod includednumerouscommentsspecific to the Cassinimission. Relevant
issuesraisedduring the scopingperiod, aswell as timely commentson the Draft EIS,are
addressedin this mission-specificFinalEIS.

The analysesin this EISrely upon numeroussupporting studiesthat address
operationalparametersand hypothetical accident scenariosthat could be associatedwith
the mission. The studies were preparedby contractors for NASA (Martin Marietta Space
LaunchSystems (currently LockheedMartin) andthe Jet PropulsionLaboratory[JPL]) and
by contractors for the U.S. Departmentof Energy(DOE)(Martin Marietta Astro Spaceand
HalliburtonNUS). Martin Marietta SpaceLaunchSystems developedthe Titan IV
CRAF/Cassini EIS Databook (Martin Marietta 1992), which identifies operational

parameters for the Titan IV (SRMU)/Centaur and describes the representative launch
accident scenarios, accident environments, and initiating probabilities. The JPL supporting
studies (JPL 1993a, JPL 1993f, JPL 1994a), originally initiated to support the
programmatic EIS, address the Cassini spacecraft and the major elements of overall
mission design. The JPL supporting studies evaluate major mission components, such as
spacecraft electrical power systems and propulsion systems, as well as trajectories and
launch vehicles. The DOE-sponsored studies (Martin Marietta Astro Space 1993, Martin

Marietta Astro Space 1994b, Martin Marietta Astro Space 1994c, Halliburton NUS 1994a,
Halliburton NUS 1994b) specific to the Cassini mission focus on the consequences of the
potential accidents involving the plutonium dioxide-fueled radioisotope thermoelectric
generators (RTGs) onboard the spacecraft.

The major components of the proposed Cassini mission including spacecraft
electrical power systems, trajectories to Saturn, and available launch vehicles, were
evaluated in detail in developing the overall mission profile for the Proposed Action (JPL
1993a, JPL 1993f, JPL 1994a). Section 2 of this EIS summarizes these evaluations. The

Proposed Action consists of preparing for and implementing the Cassini mission during the
primary launch opportunity in October 1997 (or during a secondary opportunity in
December 1997 or during the backup launch opportunity in March 1999) to conduct a

4-year scientific exploration of the planet Saturn, its atmosphere, moons, rings, and
magnetosphere. All launch opportunities associated with the Proposed Action would use
the Titan IV (SRMU or SRM)/Centaur. The proposed launch site would be either Launch
Complex 40 or 41 at CCAS in Florida.

The Cassini mission would use a gravity-assist trajectory to enable it to reach
Saturn. The primary launch opportunity in October 1997 would boost Cassini into a
6.7-year VVEJGA trajectory to reach Saturn. TheVVEJGA trajectory would use two
swingbys of Venus in April 1998 and June 1999, followed by an Earth swingby in August
1999 and a Jupiter swingby in December 2000 to boost speed and reach Saturn in June
2004. The secondary launch opportunity in December 1997 would involve an 8.8-year
VEEGAtrajectory, arriving at Saturn in October 2006. The backup launch opportunity in
March 1999 would place Cassini on a 9.8-year VEEGA trajectory to Saturn. The Venus
swingby would occur in June 2000, with the two Earth swingbys occurring in August
2001 and August 2004, arriving at Saturn in 2008. With all launch opportunities, soon
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after reachingSaturn, the spacecraftwould releasethe HuygensProbeand begin its tour
of Saturn and its rings, moons, and magnetosphere.

Spacecraft power systems were extensivelyevaluatedfor the Cassinimission
(JPL 1994a). RTGswere determinedto be the only reliableelectric generatingtechnology
presently availableand tested for use in space. RTGshavethe ability to meet the
electrical needsof the Cassini spacecraft and its instruments during the 10 or moreyears
requiredfor the spacecraft to reach Saturnand accomplishits scienceobjectives. Three
RTGswould beused for the Cassinispacecraft. EachRTGwould be fueled with
approximately 10.8 kg (23.8 Ib) of plutonium dioxide. In addition, a maximum of 157 one-
watt thermal radioisotopeheater units, each containing 2.7 g (0.006 Ib) of plutonium
dioxide,would be onboardto maintain the temperaturesrequiredfor certain scientific
instruments, other spacecraft subsystems,and the HuygensProbe.

1.2 PURPOSEOFTHEPROPOSEDACTION

The overall objective of the Cassinimission is to conduct anextended investigation
of the Saturniansystem, makingcloseupmeasurementsof the planet and its environment
(JPL1993a). Saturn is the second-largestand the secondmost-massiveplanet in the
solar system. It also has the largest, most visible, dynamic ring structure. Becauseof
these unusualcharacteristics, Saturn hasbeenthe subject of telescopicobservationsfor
centuries. The Pioneer11, Voyager 1, and Voyager2 swingby missionsprovided
additionaldata on Saturn. Many questions remainabout Saturn and its moonsand rings
that, if answered, could provideclues to the evolution of the solar system and the origin of
life on Earth. Such questions include (JPL 1993a):

By what processesdid Saturnacquireso much orbital debris, what processes
organizedthe debris into the intricate structure of rings and embeddedmoonlets
now surroundingthe planet, and what is the composition of this debris?

• How does the chemicaland physical composition of Saturn comparewith that of
Jupiter and Earth?

What is the nature of Saturn's magnetosphericinteractionswith dust and
moonlets in the ring planeand what would this information tell us about the
interactions of plasma,dust, and radiationenvironment at the beginningof the
solar system?

What chemicalprocessesproducedthe atmosphereof hydrocarbonsand other
organicmoleculesunique to Saturn's largest moon,Titan, and do these
hydrocarbonsexist in liquid form on Titan's surface?

Doesthe dark hemisphereof lapetus, one of Saturn's icy moons, consist of
organicmaterial, and is this material related to the organicmaterial in Titan's
atmosphereand to the dark materialon comets, asteroids,and the dark moons
of Mars (Phobosand Deimos)?
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The Cassinimissionwould gather data to answer these and other questions by
investigating five major aspectsof the Saturniansystem: Saturn's atmosphere;the largest
moon, Titan; Saturn's icy satellites (i.e., moons);Saturn's rings; and Saturn's
magnetosphere. In pursuingthese plannedinvestigations, unplannedopportunities for
sciencereturns could also occur. Someof the major discoveriesof the Voyager mission
(e.g., volcanismon Io; rings at Jupiter, Uranus, and Neptune;ring spokes at Saturn) were
not even plannedat the time of launch. The Cassinimissionhas severalscientific
objectives, which aresummarizedin Table 1-1. Theseobjectiveswould be accomplished
through two separatemissionelements:

The Cassinispacecraftwould tour and study Saturn, its rings, moons, and
magnetosphereover a 4-year period. This portion of the mission would include
approximately35 flybys of Titan for the SRMUconfiguration (or 21 for SRM
launch)enablingdetailed studies of Titan's atmosphereand surface.

A detachableatmosphericentry probe,the HuygensProbe,would be released
from the Cassinispacecraft to descendthrough the atmosphereof Titan.
Surfacepropertiesof Titan would be measuredin-situ if the Probe survives the
parachuted touchdown. The Probe would relay scientific measurements of the
conditions of Titan's atmosphere to Earth via the Cassini spacecraft over the
2.5-hour period it would take for the Probe to descend to Titan's surface.

Opportunities for acquiring unplanned science data could occur at any time during the 4-
year tour as well. The following subsections provide more detail on the five aspects of the
Saturnian system planned to be investigated during the mission.

1.2.1 Investi.qation of Saturn's Atmosphere

The previous Pioneer and Voyager swingby missions to Saturn obtained only short-
duration, remote-sensing measurements of the Saturnian atmosphere. These
measurements have been sufficient to generally determine the basic composition, energy
balance, temperature profile, and wind speeds in the planet's upper atmosphere. Cassini
would further investigate cloud properties and atmospheric composition, wind patterns,
and temperatures, as well as Saturn's internal structure, rotation, ionosphere, and origin
and evolution. The mission would involve orbits near the equator and the poles of Saturn
so that the entire planet could be studied.

1.2.2 Investiqation of the Moon Titan

Titan is shrouded by dense clouds; therefore, little is known about its surface. Data
collected by the instruments onboard the Cassini orbiter and the Huygens Probe would
provide a better understanding of the abundance of elements and compounds in Titan's
atmosphere, the distribution of trace gases and aerosols, winds and temperature, and
surface state and composition. In particular, the spacecraft's radar would penetrate
Titan's dense atmosphere and reveal the moon's surface characteristics, just as the
Magellan spacecraft did at Venus. The Huygens Probe, carrying a robotic laboratory,
would perform chemical analyses of Titan's atmosphere and clouds. As the Probe
descends, the onboard instruments would measure the temperature, pressure, density, and
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TABLE 1-1. SUMMARY OF CASSINI MISSION SCIENTIFIC OBJECTIVES

Investigation Scientific Objectives
Focus

Saturn's

Atmosphere

Titan

Saturn's Icy

Satellites

Saturn's Rings

Saturn's

Magnetosphere

• Determine the temperature field, cloud properties, and composition of the atmosphere of

Saturn.

• Measure the global wind field, including wave and eddy components, and observe synoptic

cloud features and processes.

• Infer the internal structure and rotation of the deep atmosphere.

• Study the diurnal variations and magnetic control of the ionosphere of Saturn.

• Provide observational constraints (e.g., gas composition, isotope ratios, and heat flux) on

scenarios for the formation and evolution of Saturn.

• Investigate the sources and morphology of Saturn lightning, including Saturn electrostatic

discharges and lightning whistlers.

• Determine abundances of atmospheric constituents (including any noble gases), establish

isotope ratios for abundant elements, and constrain scenarios of formation and evolution of

Titan and its atmosphere.

• Observe vertical and horizontal distributions of trace gases, search for more complex organic

molecules, investigate energy sources for atmospheric chemistry, model the photochemistry

of the stratosphere, and study the formation and composition of aerosols.

• Measure winds and global temperatures; investigate cloud physics, general circulation, and

seasonal effects in Titan's atmosphere; and search for lightning discharges.

• Determine the physical state, topography, and composition of the surface and infer the

internal structure of the satellite.

• Investigate the upper atmosphere, its ionization, and its role as a source of neutral and

ionized material for the magnetosphere of Saturn.

• Determine the general characteristics and geological histories of the satellites.

• Define the mechanisms of crustal and surface modifications, both external and internal.

• Investigate the compositions and distributions of surface materials, particularly dark,

organically rich materials and condensed volatiles with low melting points.

• Constrain models of bulk compositions and internal structures.

• Investigate interactions with the magnetosphere and ring systems and possible gas injections

into the magnetosphere.

• Study the configuration of the rings and dynamical processes (gravitational, viscous,

erosional, and electromagnetic) responsible for ring structure.

• Map the composition and size distribution of ring material.

• Investigate the interrelation between the rings and satellites, including imbedded satellites.

• Determine the dust and meteoroid distribution both in the vicinity of the rings and ,_ near

Saturn interplanetary space.

• Study the interactions between the rings and Saturn's magnetosphere, ionosphere, and

atmosphere.

• Determine the configuration of the nearly axially symmetric magnetic held and its relation to
the modulation of Saturn Kilometric Radiation.

• Determine the current systems, composition, sources, and sinks of magnetosphere-charged

particles,

• Investigate wave-particle interactions and dynamics of the day side magnetosphere and the

magnetotail of Saturn and their interactions with the solar wind, satellites, and rings.

• Study the effect of Titan's interaction with the solar wind and magnetospheric plasma.

• Investigate the interactions of Titan's atmosphere and exosphere with the surrounding

plasma.

Source: JPL 1993a
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energy balance through the atmosphere to the moon's surface. The surface properties
would be measured remotely, and a camera would photograph the Titan panorama and
relay the images to Earth via the Cassini Orbiter.

1.2.3 Investiqation of Saturn's Icy Satellites

Saturn's other satellites (i.e., moons) are ice-covered bodies. Cassini would

investigate their physical characteristics, the composition and distribution of materials on
their surfaces, their internal structure, and how they interact with Saturn's

magnetosphere. Of particular interest is the half-dark and half-light moon, lapetus. The
light side of the moon is believed to be composed of ice and the dark side possibly of
some organic material. The data obtained by Cassini would assist in determining the

geological histories of the satellites and the evolution of their surface characteristics.

1.2.4 Investiqation of Saturn's Rinqs

The Voyager swingbys in 1980 and 1981 proved Saturn's ring system to be much
more complex than previously realized, with intricate dynamic interactions in most parts of
the system. The short-term Voyager studies showed a wide range of unexplained
phenomena in the rings, including various wave patterns, small and large gaps, clumping
of material and small, so-called "moonlets" embedded in the rings. Long-term, close-up
observations of the rings by Cassini could help resolve whether the rings are material left

over from Saturn's original formation, or whether they are remnants of one or more moons
shattered by comet or meteor strikes. Applied to larger-scale disk-shaped systems, the
detailed studies of Saturn's rings proposed for Cassini would provide important
contributions to theories of the origin and evolution of the dust and gas from which the
planets first formed.

The tilt of Saturn's ring plane changes as the planet orbits the Sun, and the

changing angle of sunlight illuminating the rings dramatically alters their visibility.
Cassini's arrival at Saturn is timed for optimum viewing of the rings, during a period when

they will be well illuminated by sunlight. Upon arrival at Saturn in 2004 when launched in
October 1997, the tilt of the ring plane and resulting illumination angle would allow
Cassini's instruments an unsurpassed view of the ring disk.

Cassini would allow detailed studies of ring structure and composition, dynamic
processes, dust and micrometeoroid environments, and interactions among the ring
systems, magnetosphere, and satellites.

1.2.5 Investiqation of Saturn's Ma.qnetosphere

Saturn's magnetosphere is the region of space under the dominant influence of the
planet's magnetic field. Cassini would carry instruments to study the configuration and
dynamics of the magnetosphere; the nature, source, and fate of its trapped particles; and
its interactions with the solar wind and Saturn's satellites and rings. Aparticular

phenomenon of interest is the Saturn Kilometric Radiation--a poorly understood, very low
frequency, electromagnetic radiation--which scientists believe is emitted by the auroral
regions in Saturn's high latitudes.
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1.2.6 Summary of Mission Purpose

The mission would not only provide clues to the evolution of the solar system but
would also help increase the current understanding of the origin of life. Because the giant
planets (i.e., Jupiter and Saturn) are so massive, they have retained essentially all the
material from which they were originally formed. Consequently, these planets are
expected to contain some record of early planetary formation. For example, the chemistry
in Titan's atmosphere is thought to resemble Earth's atmosphere before life began. The
icy satellites of the planets (Jupiter and Saturn) are cold, frozen worlds that record an
evolution that, in some ways, parallels the evolution of the solar system as a whole. The
examination of materials from such bodies could reveal clues about the substances present
during the formation of the solar system and about the basic building blocks of life, such
as the complex organic materials believed to be on Saturn's satellites. The exploration of
the outer solar system by the Cassini mission is essential to answering some fundamental
questions about the origins of life and our solar system.

1.3 NEED FOR THE ACTION

Conducting long-term, closeup measurements of Saturn and its moons, rings, and
magnetosphere in the outer solar system represents an important step in the exploratory
phase of planetary science. For example, the Huygens Probe would return data on the

composition, temperature, and pressure of the atmosphere of Titan, Saturn's major moon.
These data can be obtained by no other means. Although scientists would continue to
study Saturn from Earth orbit and ground-based telescopes, the closeup measurements
from the 4-year science tour and the Huygens Probe data that the Cassini mission would
provide are otherwise unattainable. The detailed data would also provide a vital basis for
our continuing Earth-based studies.

It is important that the Cassini mission is accomplished while the Voyager
exploration results are recent and much of the associated scientific expertise is still
available. There would be more than 23 years between the 1980and 1981 flybys of
Saturn by Voyagers 1 and 2 and the 2004 arrival of Cassini (for the primary launch
opportunity) and an even longer period for the secondary or backup opportunities. It is

also advantageous to complete the orbital tour before 2010 when Saturn's rings present
themselves nearly edge-on to the Earth and Sun, severely limiting the ability for detailed
observations.

1.4 INDIRECT BENEFITS FROM CASSINI MISSION PLANNING ACTIVITIES

1.4.1 Technoloqy Utilization Benefits

Challenging scientific enterprises routinely result in technological advances which
are applicable to other, unrelated fields. Some unexpected tangible benefits from planning
for the Cassini mission have already been realized, as summarized below. Others will

accrue as the preparation and implementation continue. Project planning and preliminary
research and development activities for the mission have resulted in several significant
technological innovations of direct benefit to industry, business, and environmental
regulation.
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Resource Tradinq System. A "resource trading system" was developed by the

Cassini project planners to help resolve the conflicting cost, data rate and electrical power

needs for the spacecraft's science instruments and other subsystems. The electronically-

based planning tool has been utilized by California's South Coast Air Quality Management

District in its implementation of a new market-based approach to regulating emissions in

the Los Angeles Basin. Cassini's resource trading system was adapted by the Air Quality

Management District to facilitate the buying and selling of emissions allowances by

regulated facilities to help achieve federally-mandated emissions reductions. The states of

Illinois, Indiana, Massachusetts, Texas and Wisconsin, and the city of Vancouver, B.C.,

Canada, have expressed interest in the Cassini system for use in similar environmental

regulations programs.

Solid-State Recorder. One innovation developed for Cassini is a solid-state data

recorder with no moving parts. The recorder has great potential for use in a variety of

fields, from aerospace to the entertainment industry, and is expected eventually to find

wide applicability in consumer electronics.

Powerful New Computer Chips. The main onboard computer that would direct

operations of the Cassini Orbiter uses a novel design drawing on new families of electronic

chips. Among them are very high-speed integrated circuit chips developed under a U.S.

government-industry research and development initiative for dual-use technology.

Powerful new application-specific integrated circuit parts have also been developed for

Cassini; each component replaces a hundred or more traditional chips.

Solid-State Power Switch. An innovative solid-state power switch being developed

for Cassini will eliminate rapid fluctuations, called transients, that usually occur with

conventional power switches. The new switch also has no moving parts. This should

result in significantly improved component lifetime and efficiency. The device is widely

applicable to industrial and consumer electrical and electronic products.

Gyros. The Cassini spacecraft inertial reference units now under development

represent the first space version of revolutionary new solid-state gyros. The new gyros

promise greater reliability and less vulnerability to mechanical failure because they use no

moving parts. These more robust gyros may eventually be used on most new spacecraft.
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2. ALTERNATIVES, INCLUDING THE PROPOSED ACTION

2.1 ALTERNATIVES EVALUATED

This Final Environmental Impact Statement (FEIS) for the Cassini mission examines
mission alternatives available for accomplishing the mission objectives within a reasonable
timeframe, as well as the No-Action alternative. In the course of developing the mission
alternatives, three major mission components--launch vehicles, mission trajectories to
Saturn, and spacecraft electrical power sources--were examined in detail (JPL 1993a, JPL
1993f, JPL 1994a). These three mission components are the principal factors influencing
the development of feasible mission designs (mission alternatives) that would allow the
Cassini spacecraft to obtain at least the minimum acceptable science return and the overall
mission objectives. These components are also the factors determining the potential
environmental impacts associated with each mission alternative under normal (incident-
free) and accident conditions. Section 2.6 summarizes the evaluations of these three
major mission components and their availability in determining the mission alternatives.

The Cassini mission would continue the evolution of the National Aeronautics and

Space Administration's (NASA) program for solar system exploration from reconnaissance-
level or flyby missions of the outer planets to more detailed exploration missions. These
exploration missions involve a wider range and a greater amount of scientific data that are
much more difficult to gather than was the case for the earlier flyby missions. The range
and amount of data collected by an exploration mission requires a power source to operate
reliably over a long period of time. Gathering data for an outer space mission in the
vicinity of Saturn where the Sun's intensity is only 1 percent of that experienced in Earth
orbit requires a power source that can operate at vast distances from the Sun. These
electrical power requirements must be fulfilled using a spacecraft design within the limited
lift capacities of available launch vehicles.

Only a few combinations of launch vehicles, mission trajectories, and spacecraft
electrical power sources can meet the requirements for the Cassini mission. The feasible
launch vehicles evaluated include the most powerful U.S. launch vehicle, the Titan IV
(solid rocket motor upgrade [SRMU])/Centaur and the Space Shuttle (i.e., Space
Transportation System [STS]). If the new SRMU-equipped Titan IV could not be used, a
Titan IV (SRM)/Centaur could be used. Mission trajectories include Earth- and non-Earth-
Gravity-Assist trajectories to Saturn. Power system performance criteria require the use of
the most reliable electrical power system capable of providing the large amounts of power
needed over an extended period of time--the radioisotope thermoelectric generator (RTG).
This EIS examines in detail the feasible components that combine to form the following
mission alternatives:

Proposed Action --NASA proposes to prepare for and implement the Cassini
mission to collect scientific data from Saturn, its atmosphere, moons, rings, and
magnetosphere. The spacecraft would be launched and inserted into a Venus-
Venus-Earth-Jupiter-Gravity-Assist (VVEJGA) trajectory to Saturn during the
primary opportunity in October 1997 onboard a Titan IV (SRMU or
SRM)/Centaur. A secondary launch opportunity exists in December 1997, with
a backup opportunity in March 1999, both using a Venus-Earth-Earth-Gravity-
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Assist (VEEGA)trajectory. The ProposedAction would enablethe Cassini
spacecraft to gather the full sciencereturn (i.e., data)desiredto accomplish
eachof the mission scienceobjectives. Achievementof the scienceobjectives
for the contingency launcheswould beessentiallythe sameas for the primary
launchopportunity but with somereduction in sciencereturn. In the event that
a Titan IV (SRMU)/Centaurwere unavailable,a Titan IV (SRM)/Centaurwould be
used with the sameprimary, secondary,and backuplaunch opportunities. The
scienceobjectives would be achievedbut with reducedsciencereturn. The
launch site for both the primary and contingency launchopportunities would be
either LaunchComplex40 or 41 located at CapeCanaveralAir Station (CCAS)
in Florida.

1999 Mission Alternative--For this mission alternative, preparations for and
implementation of the Cassini mission to Saturn would involve dual manned

Shuttle launches in 1999: one launch to predeploy an upper stage into Earth

orbit and a second launch, separated by 21 to 51 days, to deliver the remaining
upper stage(s) and the Cassini spacecraft into low Earth orbit. An on-orbit

assembly of the upper stages with the spacecraft would occur, followed by
upper stage ignition and insertion of the Cassini spacecraft in March 1999 into
its 9.8-year VEEGA interplanetary trajectory. A backup launch opportunity, also
a VEEGA, occurs in August 2000. This mission alternative, including both the
primary and backup launch opportunities, would obtain less science return than
the Titan IV (SRMU)/Centaur 1997 primary launch opportunity. The launch site
for the primary and backup launch opportunities would be either Launch Pad
39A or 39B located at Kennedy Space Center (KSC) in Florida.

2001 Mission Alternative--This mission alternative consists of preparing for and

implementing the Cassini mission to Saturn with a primary launch opportunity in
March 2001. Launched from CCAS on aTitan IV(SRMU)/Centaur, the primary
launch opportunity would place the spacecraft into a 10.3-year Venus-Venus-
Venus-Gravity-Assist (VVVGA) trajectory to Saturn. There is no non-Earth-

Gravity-Assist backup opportunity capable of meeting the science objectives that
can be performed by a U.S. launch vehicle. However, alaunch vehicle

configuration has been identified that can perform an Earth-Gravity-Assist (EGA)
trajectory. The Titan IV(SRMU)/Centaur could place the Cassini spacecraft into
a VEEGA trajectory during a backup launch opportunity in May 2002. To
perform the VVVGA trajectory, the Cassini spacecraft would require about 20
percent additional propellant and use a different spacecraft propulsion engine, a
rhenium engine, to provide greater efficiency and higher performance. Even with

the additional propellant and the high performance rhenium engine, limitations in
the available propellant for spacecraft maneuvering at Saturn would restrict the

acquisition of the desired amount of science return (JPL 1993i). However, the
minimum acceptable level of science objectives for the mission could still be
met.

• No-Action Alternative--Under the No-Action alternative, preparations for the
launch would cease and the mission would not be implemented.
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Figure2-1 providesanoverview of these alternatives. Sections 2.2, 2.3, 2.4, and 2.5
describethe alternatives in greater detail.

Section 2.6 summarizesthe resultsof a completeevaluationof the launch vehicles,
missiontrajectories, and spacecraft electrical power systems, includingcomponents
determinedto be infeasible(JPL 1993a, JPL 1993f, JPL 1994a). Section 2.7 compares
the missionalternativesevaluated,and Section 2.8 providesa brief overall summary.

2.2 DESCRIPTIONOFTHEPROPOSEDACTION

2.2.1 Mission Desi.qn

2.2.1.1 SRMU-Equipped Titan IV Configuration

The primary launch opportunity of the Cassini mission occurs within a 25-day
launch period beginning October 6, 1997, and closing October 30, 1997 (JPL 1993a).
Using the Titan IV (SRMU)/Centaur, described in Section 2.2.6, the spacecraft would be
launched and injected into the 6.7-year VVEJGA interplanetary trajectory to Saturn, as

shown in Figure 2-2.

After the spacecraft's launch and injection into interplanetary trajectory in October
1997, it would swing by the planet Venus for the first time in April 1998. Following a
maneuver in December 1998, the spacecraft would be placed on a course for a second
Venus swingby in June 1999. Because of the Earth's unique orientation relative to Venus
during this time period, the spacecraft would fly on to Earth in slightly less than 2 months,
where it would obtain its third planetary gravity-assist in August 1999. After flying past
the Earth, the spacecraft would pass through the asteroid belt. The spacecraft would
obtain a fourth and final gravity-assist at Jupiter in December 2000 before proceeding to
Saturn. With these swingbys of Venus, Earth, and Jupiter, the spacecraft would gain
sufficient velocity to reach Saturn.

For several months before arriving at Saturn in June 2004, the spacecraft would

perform scientific observations of the planet prior to executing the Saturn Orbit Insertion
(SOl) maneuver. This Saturn arrival date would provide the unique opportunity to have a

distant flyby of Saturn's outer satellite Phoebe, 19 days before SOl. The SOl would place
the spacecraft in a large elliptical orbit around Saturn. During the SOl, the spacecraft
would be about 1.3 Saturn radii from the planet's center, its closest distance during the
entire mission. This presents a unique opportunity to observe the inner regions of Saturn's

ring system and magnetosphere; the 1.5-hour orbital insertion burn would be delayed from
its optimal point to permit such observations (JPL 1993a).

Approximately three-quarters of the way around the SOl orbit and 3 weeks before
Cassini's first flyby of Titan, the spacecraft would release the Huygens Probe on a

trajectory for entry into Titan's atmosphere. Two days after release of the Probe, the
Orbiter (i.e., the spacecraft without the Probe) would perform a deflection maneuver to be
in position to receive scientific information gathered by the Probe during its estimated 2.5-

hour parachute descent to Titan's surface. The data transmitted by the Probe would be
stored on the Orbiter for later playback to Earth (JPL 1993c).
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The spacecraft would then continue on its Saturn orbital tour, providing
opportunities for ring imaging; magnetospheric coverage; and radio (Earth), solar, and
stellar occultations of Saturn, Titan, and the ring system. Atotal of 35 close Titan flybys
has been planned during the 4-year tour. The spacecraft would use repeated gravity-assist
flybys of Titan and associated trajectory correction maneuvers to shape the trajectory.
The spacecraft would also be targeted for 4 close flybys of selected icy satellites and
would make 29 more distant satellite encounters. By the end of the 4-year tour, the
orbital inclination would have been increased to approximately 80 degrees, allowing
investigation from higher latitudes. In particular, the spacecraft would investigate the
source of the unique Saturn Kilometric Radiation. Although the lO.7-year nominal mission
would end in June 2008 (JPL 1993a), science data-gathering activities could continue,
limited only by the remaining propellant and mission costs. The spacecraft would continue
to orbit Saturn.

2.2.1.2 SRM-Equipped Titan IV Configuration

If the Titan IV SRMU were not available, the mission could be accomplished using
the conventional Titan IVSRM configuration. The mission design in this case would be

limited by the smaller mass injection capabilities of the SRMs. As currently designed (with
the SRMUs), much of the mass that would be injected into the interplanetary trajectory
would come from the propellant required for maneuvers during the mission. Reducing the
propellant mass onboard the spacecraft would be required to allow a viable mission with
this less capable launch configuration. The reduction in spacecraft propellant mass would
require a reduction in maneuver activity by the spacecraft upon arrival at Saturn (JPL
1993c).

Specifically, the maneuver activity would be reduced in four major areas. First, the
Saturn arrival date would be delayed by 5 months, from June (for the SRMU launch) to
November 2004. The delay would decrease the propellant required by the SOl burn
because the spacecraft's relative velocity at Saturn would be lower than that for the

SRMU launch. Second, the initial orbit period would be increased, resulting in a further
reduction of propellant required for SOl. Third, fewer Titan flybys would be planned to
reduce the amount of fuel required to correct navigational errors in the trajectory. Fourth,
the SOl burn would be centered optimally about the closest approach to Saturn, further
reducing the SOl science return (JPL 1993c). The adjustments that would be made to
compensate for the reduced injection capability and lower spacecraft bipropellant load
necessitated by use of the SRMs are shown in Table 2-1.

2-6



TABLE 2-1. CASSINI MISSION CHARACTERISTICS FOR THE PROPOSED ACTION'S
PRIMARY LAUNCH OPPORTUNITY USING EITHER A TITAN IV (SRMU)/CENTAUR

OR TITAN IV (SRM)/CENTAUR

Mission Characteristics SRMU SRM

Launch Period 10/06/97 to 10/30/97 10/13/97 to 10/30/97

Bipropellant (kg [Ib]) 3,000 (6,614) 2,260 (4,982)

Saturn Arrival Date 06/25/2004 11/15/2004

SOl Burn Delay Yes No

Initial Orbit Period (days) 152 200

Titan Flybys 35 21

Source: JPL 1993c

2.2.2 Launch Opportunities

2.2.2.1 SRMU-Equipped Titan IV Configuration

Interplanetary missions can be launched only during specific opportunities (launch
periods), depending on the relative positions of Earth and the target planet(s) and on the
capabilities of the available launch vehicles. For the Proposed Action, the primary launch
opportunity occurs during the 25-day period between October 6, 1997, and October 30,
1997. Problems with the launch vehicle or spacecraft or adverse weather conditions

during this period could cause the loss of this primary launch opportunity. To recover from
such unplanned events, NASA requires identification of contingency launch opportunities
that would allow attainment of the same mission objectives (i.e., 4-year science tour and
Probe delivery) as the primary launch opportunity. The mission planners have identified
secondary and backup launch opportunities in December 1997 and March 1999,
respectively, in case such conditions arise. Secondary launch opportunities, by definition,
can occur less than 6 months after the primary launch opportunity; backup opportunities,
however, are required to occur at least 6 months after the primary launch opportunity (JPL
1993c).

If a launch opportunity were missed, the spacecraft trajectories and mission
operations would probably be altered and mission budgets augmented. Such a change
would likely require modification of support facilities for communications, spacecraft
tracking, and general operations. Revised launch plans would affect not only a delayed
mission but also other missions that depend on the resources of these facilities. Because

of the specialized nature of space exploration missions, such as Cassini, trained personnel
and supporting facilities would generally be retained between launch opportunities,
resulting in additional costs.
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The secondarylaunchopportunity in December1997, if utilized, would use an
8.8-year VEEGAtrajectory. The interplanetarytrajectory for the secondarylaunch
opportunity would include a Venus swingby in June 1998, after which the spacecraft
would proceedto Earthfor 2 gravity-assists, during November1999 and July 2002,
respectively. The spacecraftwould arrive at Saturn in October 2006. The launch
opportunity would include a full 4-year tour of the Saturniansystem and deliveryof the
HuygensProbe. The secondary launchopportunity would have alonger interplanetary
cruise time and would return less ring sciencecomparedwith the primary launch
opportunity.

The March 1999 Titan IV (SRMU)/Centaurbackup launchopportunity, illustrated in
Figure 2-3, would use a 9.8-yearVEEGAtrajectory(JPL 1993a). This backuplaunch
opportunity would have the samescienceobjectivesas the primary opportunity in October
1997, includingthe 4-year tour of Saturn's environment (JPL1994a). The HuygensProbe
experimentswould be identicalto those in the October 1997 launch. The interplanetary
trajectory for the backup launchopportunity would include a Venusswingby in June 2000,
after which the spacecraftwould proceedto Earthfor anadditionalgravity-assist in
August 2001. This secondassist would send the spacecraft on a broad sweepingarc
through the asteroidbelt. In August 2004, the spacecraftwould arrive backat the Earth
for afinalgravity-assist and would arrive at Saturn in December2008. The later arrival
date would be lessdesirablethan the arrival date for the October 1997 launchbecause
there would bea4-yeardelayin sciencereturn. In addition, the geometry of Saturn's
rings would present less than optimum opportunities for both radioand optical science
experiments. The 13.8-year nominal missionwould end in Decemberof 2012, about 4.5
years later than the primary launchopportunity.

Both the secondaryand backuplaunchopportunities would have adequate
allocationsof propellant to meet the minimal scienceobjectives. However, the longer
flight times would result in lower electrical power output availablefrom the RTGsduring
the scienceportion of the mission due to the naturaldecay of the radioisotopes. It would
beduring the last 4 yearsor the scienceportion of the missionthat the electrical needsare
greatest to power the scienceequipment andto performdata gathering activities.
Therefore, fewer instruments could be operatedat a giventime or lessengineeringsupport
givento some instruments (JPL 1993c). Thesemissionconstraints would reducethe
sciencereturn from levelsanticipated for the primary launchopportunity.

2.2.2.2 SRM-EquippedTitan IV Configuration

The launchopportunities for the Titan IV (SRM)/Centaurwould be the sameas
those for the SRMUconfiguration. Becausethe SRMis a smallerbooster with a lower lift
capability, the amount of sciencereturn usingthe SRM-equippedTitan IV (for the same
launchopportunities) would be less than that obtained with use of an SRMU-equipped
Titan IV (JPL1994a).
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2.2.3 Spacecraft Description

2.2.3.1 SRMU-Equipped Titan IV Configuration

The Cassini spacecraft, illustrated in Figure 2-4, is designed to be a three-axis
stabilized probe-carrying orbiter for exploration of Saturn and its atmosphere, moons,
rings, and magnetosphere. The Orbiter (i.e., the spacecraft without propellants or the
Huygens Probe and its supporting equipment) would have a dry mass of 2,150 kg
(4,740 Ib), of which 335 kg (739 Ib) are scientific instrumentation and 168 kg (370 Ib) are
the RTGs. The Huygens Probe and its supporting equipment would account for an
additional mass of 352 kg (7761b). The spacecraft launch vehicle adapter would add an
additional 190 kg (419 Ib). The spacecraft's most visible features would be the cylindrical
shell structure. The main electronics and antennas would be mounted onto this structure.
The primary bipropellant (hypergol fuels) tanks would be stacked within the shell. In
addition, the main engines would be suspended from this structure. The RTGs would be
supported by struts that extend from the base of the cylinder. The scientific instruments
would be supported by a boom and two pallets or, in some cases, would be attached
directly to the main structure (JPL 1993a). Less than 1 millicurie of minor radioactive
sources (i.e., americium-241, barium-133, gad()lidium-148, strontium-90, and rubidium-87)
would be on the spacecraft, the Centaur, and the Probe, principally for instrument
calibration.

The spacecraft would also contain communication, pyrotechnics, command and
data, attitude and articulation control, propulsion, temperature control, and solid-state
recorders subsystems.

The components of the spacecraft relevant to any assessment of the potential for
environmental impacts from the mission are the RTGs, the radioisotope heater units
(RHUs), and the propellants. (RTGs and RHUs are discussed in Section 2.2.4.) For
propellants, Cassini would carry up to 132 kg (291 Ib) of hydrazine for small maneuvers

and attitude and articulation control and about 3,000 kg (6,614 Ib) of bipropellant (one
tank each of monomethylhydrazine [MMH] and nitrogen tetroxide [NTO]) for larger
maneuvers. The spacecraft (i.e., the Orbiter, the Probe and its supporting equipment, and
the launch vehicle adapter), with propellants, would weigh 5,824 kg (12,840 Ib) at launch
(JPL 1993a).

2.2.3.2 SRM-Equipped Titan IV Configuration

If the Cassini spacecraft were to be launched using the Titan IV (SRM)/Centaur
configuration, it would necessitate a reduction in the spacecraft bipropellant mass from
3,000 kg (6,614 Ib) to 2,260 kg (4,982 Ib) to compensate for the SRM's lower mass
injection capabilities.

2.2.4 Spacecraft Electrical Power and Heatinq Sources

The Cassini spacecraft would use 3 RTGs as the source of electrical power for its
engineering subsystems and science payload and a maximum of 157 RHUs to regulate
temperatures of various subsystems on the spacecraft and the Probe (JPL 1994a). The
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U.S. Departmentof Energy(DOE)would provide the RTGsand RHUsand would retain title
to them at all times (DOEand NASA 1991).

2.2.4.1 ElectricalPower System PerformanceCriteria

The Cassinispacecraft's 10.7-year mission (6.7-year VVEJGAtrajectory plus 4-year
Saturn tour) would imposestringent performancecriteria for its systems and components.
The electrical power requirementfor the Cassinimissionwould beabout 675 watts at
end-of-mission(JPL 1994a). The missionwould involve spacecraft-to-Sundistancesof
between 0.63 astronomicalunits (AU) and 9.3 AU (JPL 1994a) (anAU is the distance
from the Earthto the Sunequal to 149,599,000 km [92,956,500 mi]). Therefore, the
electrical power system must satisfy a variety of performanceand implementability
criteria, including the following:

• Operation during and after passage through intense radiation fields, such as
those near the Earth and surrounding Jupiter

• Provision of sufficient power at distances of between 0.63 and 9.3 AU from the
Sun

• Operation with a low mass-to-power ratio

• Provision of a long-term (12 years) source of electrical power with high
reliability.

To fulfill these requirements, an indepth analysis of the available electrical power
systems was performed to identify the most appropriate power source for the Cassini

mission (JPL 1994a) (see Section 2.6.3). The use of RTGs was identified as the only
feasible power system with the physical and operational characteristics compatible with
achieving a high percentage of the science return from the Cassini mission. Previous

performance and implementation criteria for other deep space missions have also identified
RTGs as the only suitable power system, as was the case recently for both the Galileo and
Ulysses missions (NASA 1989b, NASA 1990).

2.2.4.2 Radioisotope Thermoelectric Generators

The Cassini mission proposes to use three RTGs to provide electrical power to
operate the spacecraft and its science instruments. An RTG power system uses an energy
source and aconversion system. The decay heat from the radioactive energy source
(plutonium dioxide) is directly converted into usable electrical energy by a thermoelectric
converter.

RTGs were used on 23 previously flown U.S. space missions, including Voyager,
Pioneer, Viking, all but the first of the manned Apollo flights, and the recent Galileo and
Ulysses missions (Table 2-2). Heat source technology, pursued by DOE, has resulted in

several models of an RTG power system, evolving from the Systems for Nuclear Auxiliary
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Power (SNAP)-RTG, to the Multi-Hundred Watt (MHW)-RTG, and, most recently, to the

currently used General Purpose Heat Source (GPHS)-RTG. The GPHStechnology is the

culmination of almost 25 years of design evolution.

A GPHS-RTG assembly, commonly referred to as an RTG, weighs 56 kg (123.5 Ib),

is approximately 114 cm (44.9 in.) long and 42 cm (16.5 in.) in diameter, and contains

10.8 kg (23.8 Ib) of plutonium dioxide fuel (DOE 1990a). Under space operational

conditions, each RTG is designed to provide 285 watts of electrical power from 4,264

watts of heat (rating at launch). An RTG consists of two major functional components:

the thermoelectric converter and the GPHS, as shown in Figure 2-5.

The thermoelectric converter consists of the aluminum outer shell assembly, the

axial and midspan heat source supports, the thermoelectric elements, the multi-foil

insulation packet, and the gas management system. The thermoelectric converter contains

572 silicon germanium (SiGe) thermoelectric couples (unicouples), which convert decay

heat from the fuel directly into electricity. The unicouples are surrounded by multifoil

insulation to reduce thermal losses. Each unicouple assembly is attached to an aluminum

outer case (radiator) by sealing screws inserted through the case wall (DOE 1990a). The

converter provides the support structure for the thermoelectrics, as well as for the GPHS

modules.

The radioisotope energy source for the RTG is a stacked column of 18 individual

GPHS modules, each having the dimensions of approximately 9.32 x 9.72 x 5.31 cm

(3.67 x 3.83 x 2.09 in.) and a mass of about 1.45 kg (3.2 Ib). The GPHS modules supply

the thermal energy to the thermoelectric converter. Each GPHS module, illustrated in

Figure 2-6, consists of a graphite aeroshell, two carbon-bonded carbon fiber (CBCF)

insulator sleeves, two graphite impact shells (GISs), and four fueled clads. The graphite

(carbon-carbon composite) aeroshell has a nominal operating temperature in space of

1,060°C (1,940°F) at the aeroshell surface (DOE 1990b) and serves as the module's

primary heat shield to protect the internal components from direct exposure to a reentry's

thermal and aerodynamic environment. The two GlSscontained in the GPHS module

provide the primary resistance to impact or mechanical loads. Each GIS assembly (i.e., the

GIS and two fueled clads) is thermally insulated from the aeroshell by a low thermal-

conducting CBCF insulator sleeve. Each fueled clad, separated by a graphite floating

membrane, consists of one fuel pellet of ceramic (or solid) plutonium (mainly Pu-238) 1

dioxide encased in an iridium shell. The iridium shell protects and immobilizes the fuel.

The iridium alloy is compatible (i.e., does not chemically react) with the plutonium dioxide

fuel material to temperatures of more than 1,500°C (2,732°F), resists oxidation in air to

1,000°C (1,832°F), and melts at 2,425°C (4,497°F). Each clad also contains a vent

designed to release the helium generated by the alpha particle decay of the fuel.

Plutonium, atomic number 94, can exist in a number of radioactive isotopic forms, ranging from Pu-232 to Pu-246.

Isotopes of an element have different atomic weights (e.g., 238, 239) but have the same or very similar chemical

characteristics. The isotope Pu-238 forms the basis for the fuel in an RTG, whereas Pu-239 is the weapons-grade

isotope. Pu-238comes from the neutron bombardment of neptunium-237 and decays with an 87.75 year half-life to

form naturally occurring uranium-234. Pu-239 comes from neutron capture by naturally occurriog uranium 238.
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Table 2-3 providesrepresentativecharacteristicsand the isotopic composition of
the 10.8 kg (23.8 Ib) of plutonium dioxide fuel that would be used in one RTGfor the
Cassinimission. Plutoniumdioxide hasa density of 9.6g/cm 3 (6001b/ft3), melts at
2,400°C (4,352°F) and boils at 3,870°C (6,998°F) (DOE1990b).

As noted in Table 2-3, each ceramicpellet of plutonium dioxide fuel at launch
(October1997) for the Cassinimissionwould contain, by weight, approximately
71 percent Pu-238 and 13 percent Pu-239 (FairchildSpace1993). Pu-238, with a half-life
of 87.75 years, contributes most of the thermal energyto the heat source,with smaller
contributions coming from Pu-239 (half-life of 24,131 years). Henceforth, the term
plutonium dioxide refers to a mixture of the oxides of severalplutonium isotopes, with
Pu-238 asthe dominant isotope.

Safety Considerations

DOE has designed the GPHS to assure that the plutonium dioxide fuel is contained

or immobilized to the maximum extent practical during all mission phases, including ground

handling, transportation, launch, and unplanned events, such as atmospheric reentry from

Earth orbit, Earth impact, and post-impact situations. The design features for the

GPHS-RTG assembly incorporate many safety-related considerations. The graphitic

(carbon-carbon composite) materials (i.e., the aeroshell, CBCFs, and GISs) contained in the

GPHS modules perform several safety functions. As stated previously, the primary

function of the aeroshell is to protect the fueled clads against the hostile environment of

atmospheric heating. The GISs protect the fueled clads from ground or debris impact in
the event of an accident. Each GIS also serves as a redundant heat shield in the event of

a GPHS failure. In addition, the GIS also acts as a redundant reentry aeroshell. The

graphitic material used for the aeroshell and impact shell is called fine weave pierced fabric

(FWPF1). FWPF is a carbon-carbon composite material woven with high-strength graphite

fibers in three perpendicular directions. Upon impregnation and graphitization, this material

has outstanding high temperature strength capabilities required to accommodate heat

shield mechanical and thermal stresses that occur during reentry. This material, used

primarily by the U.S. Air Force (USAF) for missile nose cones (nosetips), is one of the best

available for reentry applications (DOE 1988a).

The GPHS modules survive water impact. Given the additional protection of the

iridium and the low solubility of the plutonium dioxide in fresh and sea water, the GPHSs

will resist significant fuel release for virtually unlimited periods when submerged (DOE

1990a). (See Appendix Cfor further details.)

Because the GPHS is designed of small modular units, reentry heating and terminal

velocity are lower than for previous heat sources, such as those used on the Pioneer and

Voyager outer planet missions, due toalower ballistic coefficient. Amodular heat source

tends to minimize the amount of fuel that could be released in a given accident.

1
FWPF is a trademark of AVCO Corporation.
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Considerable testing has been performed to determine the response of the RTG, the
GPHS module, and the bare fueled clads to the environments that could result from a
potential launch accident. The following list summarizes the relevant safety testing and
the RTG's estimated response to the associated accident environments (see additional
details available in DOE 1989b, DOE 1990a):

Explosions--Fueled clads contained in GPHS modules and intact RTG assemblies
survive overpressures of 15.25 megaPascals (MPa) (2,210 pounds per square
inch [psi]) without any release of fuel. (For an intact RTG, the threshold for
removal of the graphite aeroshetl has been estimated to occur at overpressures
around 3.45 MPa [500 psi] [DOE 1989b]).

Fire--Fueled clads contained in the GIS and bare fueled clads /without GIS

protection) survive solid propellant fires with temperatures estimated to be about
2,360°C (4,280°F) without fuel release. The major components of the GPHS
(graphite, iridium, and the plutonium dioxide) have individual melting points that
are greater than the flame temperatures for solid and liquid propellant fires.
Although the graphite eutectic temperature is around 2,269°C (4,165°F), solid
and liquid propellant fire tests have not indicated eutectic melting of the iridium
(DOE 1989b).

Fra.qments--Small fragment tests with 18-g (0.64-oz) aluminum bullets at
velocities of about 555 m/s (1,820 ft/s) can cause a breach when striking a bare

fueled clad; 3.25-g (0.11-oz) titanium bullets at velocities of 423 m/s (1387 ft/s)
can cause a bare fueled clad to breach. Tests using 142 cm (56 in.) square
steel plates that are 1.27 cm (0.5 in._ thick indicate that an RTG can survive

face-on fragment impacts at velocities up to 212 m/s (695 ft/s) with no release
of fuel; edge-on fragment impacts on an RTG at 95 m/s (312 ft/s) wilt rupture
only the leading fueled clads of the GPHS module impacted, resulting in a fuel
release (DOE 1989b, Martin Marietta Astro Space 1993).

Reentry From Earth Orbit -- GPHS modules survive atmospheric reentry ablation
and thermal stress with acceptable design margins up to the Earth escape
velocity of 11.1 km/s (36,420 ft/s) (DOE 1989b).

Earth Impact--A series of tests were performed that simulated the conditions
that might be expected during reentry of GPHS modules from Earth orbit. These
tests impacted GPHS modules at velocities in excess of their terminal velocity
(50.3 m/s [165 ft/s]) onto hard surfaces, including steel, concrete, and granite.
Releases from a GPHS module after impacting a hard surface at a velocity
10 percent higher than terminal velocity ranged from 0 g to 0.22 g (0 oz to
0.008 oz) for the tests simulating orbital decay reentry conditions (DOE 1990a).
Releases from GPHS modules from Earth orbital decay reentry are not expected
for impacts onto water, sand, or normal soils.

Impact tests were performed with bare fueled clads. The tests concentrated

mainly on a velocity range centered on the terminal velocity of the fueled clads,
which is about 73.8 m/s (242 ft/s). Bare clads did not fail on soft targets, such
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as sand, at impact velocities to 250 m/s (820 ft/s), and the failure thresholds
were establishedfor impacts on steel and concrete at 53 and 58 m/s (174 ft/s
and 190 ft/s), respectively (DOE1990a).

Overall,DOEhasspent more than 12 years in the engineering,fabrication, safety
testing, and evaluation of the GPHS,buildingon the experiencegainedfrom previousheat
sourcedevelopmentprogramsand an information base that hasgrown sincethe 1950s.
Test results havedemonstratedthat the presentdesignexceedsthe stringent safety
standardsachievedby earlierheat sourcedesigns. In addition, DOEhasconsideredand
continues to considerways to improvethe safety of the current RTGs,including
alternativematerialsand RTGdesigns in the event there were to be a potential needin
future outer space missions. The RTGtechnology also hasa proven record of reliability in
space applicationsand is the only power system availablethat satisfiesall of the
performancecriteria associatedwith the Cassinimission. DOEwill perform additional
safety analysesfor the Cassinimissionand document the results in a Final Safety Analysis
Report(FSAR).

2.2.4.3 Lightweight RadioisotopeHeaterUnits

The Cassinispacecraft and the HuygensProbewould usea maximum of 157
lightweight RHUsto regulate temperatureson the spacecraft and on the Probe(JPL
1993a). EachRHUprovidesabout 1 watt of heat derived from the radioactive decay of
2.7 g (0.006 Ib) of mostly plutonium (Pu-238)dioxide, contained in a platinum-30 rhodium
(Pt-3ORh)alloy clad. Similar to the GPHSmodules,the RHUdesignprovidesa high
temperaturecapability by using the FWPFheat shieldand a seriesof concentric pyrolytic
graphite (PG)sleevesand end plugs to thermally insulate the fueled clad. The RHUsare
protected from groundor debris impact partially by the heat shield, but principally by the
Pt-3ORhclad material. EachRHUwould contribute approximately 1.3 x 1012Becquerel
(Bq)(36 curies[Ci]) to the total radioactive inventory on Cassini. The exterior dimensions
are 2.6 cm (1.03 in.) diameterby 3.2 cm (1.26 in.) long, each with a weight of about 40 g
(0.09 Ib). Figure2-7 shows a cutaway view of an RHU.

The RHUsaredesignedto be lightweight units capableof containing the plutonium
dioxide fuel in both normaloperationsand accidents (DOE1988a). The integrity and
durability of RHUsare well documented (DOE1988a). DOEwill perform additional safety
analysesfor the Cassinimission and document the results in a FinalSafety Analysis Report
(FSAR).

2.2.5 Spacecraft Propulsion Module Subsystem

The propulsive power for the Cassini spacecraft would be provided by two
redundant bipropellant 490-N (110 Ib of thrust) main engines for trajectory and orbit
changes and 16 monopropellant thrusters rated at 0.6-N (0.13 Ib of thrust) for attitude

control and very small orbit changes (JPL 1993c). The bipropellant engines use NTO and
MMH. The monopropellant thrusters burn hydrazine. Pressures in both the bipropellant
and monopropellant elements are maintained using helium gas (JPL 1993a).
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2.2.6 Launch Vehicle (Titan IV[SRMU or SRM]/Centaur) Configuration

The Titan family of unmanned, expendable launch vehicles has a launch history

spanning more than 30 years of operations involving more than 320 Titan vehicles of all
models. Titans have successfully carried astronauts into space lOtimes and have
successfully launched RTG-powered spacecraft into space 5 times. The Titan IV/Centaur
with the newly developed SRMUs is proposed for this mission to Saturn, but if the SRMUs
were not available, the mission would use the conventional SRMs. The SRMUs will be the

most capable strap-on U.S. boosters when flight certified.

The Titan IV/Centaur comprises four basic components: core vehicle, the strap-on
booster (SRM or SRMU), payload fairing (PLF), and Centaur (upper stage). The Titan IV

(SRMU)/Centaur configuration is shown in Figure 2-8.

2.2.6.1 Core Vehicle

The core vehicle, which provides thrust, consists of two stages with their
associated airframes, structures, avionics, mechanical systems, and liquid propulsion
system. Stage 1 contains two bipropellant liquid rocket engines. The oxidizer is
101,176 kg (223,053 Ib) of NTO and the fuel is 53,240 kg (117,373 Ib) of Aerozine-50
(i.e., a 50-50 blend of unsymmetricaldimethylhydrazine and hydrazine). Stage 2 contains
a single bipropellant engine virtually identical to the two used in Stage 1. The Stage 2
propellants comprise 22,239 kg (49,028 Ib) of NTO and 12,436 kg (27,416 Ib) of
Aerozine-50 (Martin Marietta 1992).

2.2.6.2 Strap-on Boosters

Two SRMUs (or SRMs), strapped onto the sides of the core vehicle, would provide
the initial boost for the launch vehicle atliftoff. The SRMUs are three-segment, graphite-

composite-cased motors representing a significant performance gain over the conventional
SRM. The SRMU has passed all of its qualification tests and is awaiting final flight
certification. Each SRMU weighs 351,220 kg (772,685 Ib), of which 313,102 kg
(688,824 Ib) are propellant. The propellant is a U.S. Department of Defense (DOD) Hazard
Class 1.3 solid propellant consisting of 69 percent ammonium perchlorate (oxidizer) and
19 percent nonspherical aluminum (fuel) with 8.84 percent hydroxyl terminated
polybutadiene (HTPB) binder. The remaining 3.16 percent includes bonding and curing

agents (Martin Marietta 1992).

The conventional SRM booster consists of a steel seven-segment propellant case

plus forward and aft closures. Each SRM weighs 302,512 kg (694,470 Ib), of which
257,440 kg (591,000 Ib) is propellant consisting of 67.8 percent ammonium perchlorate
and 16 percent aluminum with 10.2 percent polybutadiene acrylonitrile (PBAN) binder.
The remainder consists of catalyst, resins, and stabilizers (Martin Marietta 1989).

2.2.6.3 Payload Fairing

The PLF, mounted on top of the core vehicle, encases the Centaur (upper stage)
and spacecraft, thereby providing aerodynamic and thermal protection for these elements
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during ascent (Figure 2-9). The payload fairing is an all metal structure composed primarily

of aluminum and pieced together as three segments. Between approximately 240 and 246

seconds after liftoff, the fairing segments would uncouple and would be jettisoned from

the rest of the launch vehicle into the ocean (Martin Marietta 1992).

2.2.6.4 Centaur

The Centaur (upper stage) is designed to be compatible with the Titan IV booster.

It uses two liquid hydrogen (LH2)/liquid oxygen (LO 2) combustion engines with multiple

restart capability. The Cassini mission would require two burns of the Centaur engine.

The first burn would supplement the Titan IV in lifting the spacecraft/Centaur stack into

the proper low altitude Earth parking orbit. The second burn would boost the spacecraft

to the velocity needed to escape the Earth and would inject it into the proper trajectory

toward the first gravity-assist swingby of Venus. The LH 2 and LO 2 are contained in two

large tanks that account for the bulk of the Centaur's internal volume. Forward and aft

adapters are mounted to these tanks. The forward adapter provides mounting supports for

avionics packages and the spacecraft's mechanical and electrical interfaces with the

Centaur, and the aft adapter provides the structural interface between the Centaur and the

Titan IV (Martin Marietta 1992). Figure 2-10 illustrates the Centaur (upper stage)

configuration.

2.2.7 Cassini Mission Timeline

The nominal Cassini mission timeline is subject to slight modifications as the design

of the Cassini mission is further refined. As shown below for the Titan IV

(SRMU)/Centaur, the mission is divided into phases that primarily serve as the basis for

potential launch accident scenario definitions and environmental analyses. For example,

Phase 0 starts with fueling of the Titan IV core vehicle 4 days before launch (T - 4 days)

and ends with ignition of the SRMUs at T minus zero seconds (T-O s). Where necessary,

the phases are divided further to separate specific events that show changes in the

fundamental characteristics of the accident environments to which the RTG could be

subjected (Martin Marietta 1992). These phases are essentially identical for all the launch

opportunities associated with the Titan IV (SRMU)/Centaur. The phases and typical

timeframes are summarized below (Martin Marietta 1992):

Phase O (T - 4 days to T - 0 s)--Phase 0 identifies the time following the

installation of the RTGs when the fueling of the Titan IV core vehicle begins and

continues to the instant of SRMU ignition.

Phase 1 (T-O stoT + 11 s)--Phase 1 covers the time period from the instant

of SRMU ignition at a mission elapsed time (MET) of zero and continues to the

time when the launch vehicle is high enough to provide launch site clearance in

the event of an accident.

Phase 2 (T + 11 stoT + 23 s)--This phase begins at the instant launch site

clearance is achieved and continues to the point where the vehicle's

instantaneous impact point (liP--the point of vehicle impact given the

termination of thrust, neglecting aerodynamic effects) would clear the Florida
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coast (i.e., landclear). Duringthis phase,the vehicle would impact land in the
event of an accident.

Phase 3 (T + 23 stoT + 56 s)--Phase 3 begins at the instant of land clear and
ends when the vehicle reaches an altitude of 10,000 m (32,808 ft). At this

altitude, the potential environmental impacts from an accident resulting in a
plutonium dioxide release become global due to high altitude winds.

Phase 4 (T + 56 stoT + 246 s) -- Phase 4 identifies the period from 10,000m
(32,808 ft) altitude and continues to when the jettison of the PLF is completed.

Stage l of the liquid-fueled core vehicle main engines are ignited at T + 135 s,
and the SRMUs are jettisoned at T + 146 s.

Phase 5 (T + 246 stoT + 688 s)--Phase 5 covers the period from the
completion of PLF jettison to the time when the flight termination system(s) is
shut down, becoming inoperable for the remainder of the mission. The FTS shut
down occurs 2 seconds after the end of the first Centaur main engine burn. The

vehicle's liP would pass over the African continent between approximately
T+664s and T+672 s.

Phase 6 (T + 688 stoT + 5,576 s)--Phase 6 begins at the time when the
flight termination system(s) is shut down and ends when the second Centaur
main engine burn is completed.

Interplanetary Cruise Phase (5,576 s to end of the mission)--This phase involves
the time between Earth escape and completion of the mission. Depending on
the trajectory (i.e., VVEJGA, VEEGA, or VVVGA), a combination of planetary
gravity assists will occur, resulting in SOl, delivery of the Huygens Probe, and
ultimately, the data acquisition from the 4-year science tour of Saturn and its
environment.

For a launch with the Titan IV (SRM)/Centaur configuration, the mission timeline

would typically be as follows (Martin Marietta 1989):

Phase 0 (T - 4 days to T -O)--Phase 0 identifies the time period between when
the liquid propellants are loaded and the RTGs installed to the instant of SRM

ignition.

Phase 1 (T - O to T + 5 s)--This phase covers the time period from the instant
of SRM ignition through lift-off and continues to the time when the launch
vehicle is high enough to clear the launch tower.

Phase 2 (T + 5 stoT + 23 s)--This phase covers the time period from launch
tower clearance to the time when the lip would clear the Florida coast (i.e., land
clear).

• Phase 3 (T + 23 s to T + 250 s)--Phase 3 identifies the time period from land
clear to the time of jettison of the payload fairing.
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• Phase 4 (T + 250 s to T + 543 s)--Phase 4 covers the period when the PLF is
jettisoned to the separation of the upper stage from the core vehicle.

• Phase 5 (T + 543 stopayload separation)--This phase covers the period
between the separation of the upper stage to the injection of the spacecraft.

• Interplanetary Cruise Phase (payload separation to end of mission)--Phase 6
covers the interplanetary trajectory between the Earth and Saturn.

2.2.8 Ran.qe Safety Considerations

2.2.8.1 General

Range Safety encompasses all activities from the design concept through test,
checkout, assembly, and launch of space vehicles to orbit insertion from any range facility.
The goal of the Range Safety program is to protect the general public, foreign and
domestic, as well as their property, from harm or damage resulting from the debris or
impact of hazardous components during a space flight. The launch and flight of space
vehicles should present no greater risk to the general public than that imposed by the
overflight of conventional aircraft. Although risk can never be completely eliminated,
Range Safety attempts to minimize the risks while not unduly restricting the probability of
mission success.

2.2.8.2 Flight Termination System

All space vehicles launched from the Eastern Range, which includes KSC and
CCAS, must carry an approved Flight Termination System (FTS) that allows the Flight
Control Officer to terminate powered flight if the vehicle violates established flight safety
criteria.

The Flight Termination System (FTS), which includes a Titan IV launch vehicle

system and a Centaur system, provides ground personnel with the capability to shut down
any thrusting liquid stage only (core engines or Centaur) or to shut down any thrusting
liquid stage and then destruct the Titan IVSRMUs and all liquid stage tanks. This element
of the FTS is called the command shutdown and destruct system (CSDS).

Additionally, the FTS will automatically destruct a stage that separates from the
portion of the vehicle carrying the command receivers and antennas. This element,

originally called the inadvertent separation and destruct system (ISDS), is currently referred
to as the automatic destruct system (ADS). The ADS is activated when a wire,
strategically placed to sense a specific critical structural failure, is broken. Upon activation
of an automatic destruct, Range Safety can, at their discretion, command destruct the

Centaur and the remaining Titan IV elements, which were not destructed automatically or
broken up due to collateral damage. (It should be noted that the location of the sensing
wires that detect structural failure is subject to review based on Range Safety and nuclear
safety issues.)

As of publication of the DEIS, the necessity for and design issues involving a Space
Vehicle Destruct System (SVDS) for the Cassini spacecraft were under review.
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Subsequent analyses and testing involving the spacecraft's hypergol fuels indicated that

the launch vehicle configuration for the Proposed Action would not require an SVDS.

Therefore, the Cassini spacecraft would not include an SVDS.

2.2.8.3 Electromagnetic Hazard Conditions

Techniques to respond to concerns for potential electromagnetic hazards have been

incorporated into launch vehicle designs and launch procedures. The following potential

electromagnetic hazard conditions exist for aerospace launch vehicles and payloads:

• Lightning

• Powerful electromagnetic transmitters (e.g., radars, radio transmitters), also

referred to as the electromagnetic environment

• Charging effects (i.e., triboelectric charging effects and resultant electrostatic

discharges [ESD]).

NASA and the USAF are concerned with these conditions with respect to the

design of the launch vehicle, as well as with ordnance (explosives and explosive

detonators/fuses), fuels, exposed skins of the vehicle, and critical electronic systems that

must have highly reliable operations. These special concerns are well-known and they

include the following:

• Effects of electromagnetic radiation on ordnance and fuels

• Electrostatic discharges

• Electromagnetic interference.

A large body of technical literature exists on these subjects and has been used by NASA

and the USAF in designing safeguards. To better understand these hazards, the following

paragraphs briefly describe these conditions and hazards.

Li.qhtnin.q

Lightning is the electrical discharge that typically occurs during thunderstorms.

Large electrical current, which can approach several hundred thousand amperes, can flow

from cloud to cloud or from cloud to ground in a fraction of a second. If a vehicle is in the

vicinity of a thunderstorm, there is a chance that all, or some, of the electrical current can

flow into or through the vehicle. This possibility is mitigated by avoiding flight through

thunderstorms and by using special vehicle designs that prevent the serious effects of

lightning strikes.

The conditions in which lightning is likely to occur can be monitored by measuring

the local electric fields around the vehicle. Large electric fields indicate the presence of

large amounts of electrical charge present in the overhead clouds. Because lightning

results from an electrical discharge built up in these clouds, these fields indicate the

2-29



likelihood of lightning activity in the area. The USAF monitors electrical fields within a
322 km (200mi) radius of CCAS/KSC during launch times. Operations at the launch pad
will neither commence nor continue if an electrical storm is within 8 km (5 mi).

The USAF also employs rigorous design specifications (e.g., Military Standard
[MIL-STD]-1818, Electromagnetic Effects Requirements for Systems, dated 8 May 1992)

to mitigate the potential effects of lightning strikes and will have strict meteorological
criteria for launch of the Titan IV (SRMU or SRM)/Centaur to avoid subjecting the vehicle

and its payload to unacceptable environments. In addition to visibility, ambient
temperature, and surface wind speed and direction, severe weather restrictions address
the maximum weather-induced, ground-level, and flight path electrical fields acceptable for
launch (1 kv/m). These restrictions are strictly enforced.

Electromaqnetic Environment

The electromagnetic radiation in the environment has, in recent years, become

stronger and more prevalent primarily because of the increased number of radar systems
and other radio transmitters worldwide.

Controlling the response and interaction of the Titan IV (SRMU or SRM)/Centaur

and payload systems to the electromagnetic environment is achieved through two means:
control of the radiated power of transmitters in the immediate vicinity of the vehicle and

use of proven and effective electrical system design techniques. These techniques include
using electromagnetic shields, controlling any naturally occurring electromagnetic leaks in
the shields, using proper electrical bonding and grounding, filtering out and/or suppressing
undesired effects in the electrical system, and using special signal computer software that
recognizes and removes the effects. The techniques are designed to comply with MIL-
STD-1818 and in MIL-STD-461, Electromagnetic Emission and Susceptibility Requirements
for the Control of Electromagnetic Interference, and MIL-STD-462, Electromagnetic
Interference, Measurement of Characteristics.

Electromagnetic compatibility (EMC) is defined as the condition that prevails when
pieces of telecommunication (communication/electronic) equipment are performing their
individual designed functions in a common electromagnetic environment without causing
or suffering unacceptable degradation due to electromagnetic interference to or from other
equipment and systems in the same environment.

All payload manufacturers are required to conduct EMC testing of their
unintentional radiated and conducted emissions. NASA reviews test data according to

strict specifications. When a piece of equipment, system, or subsystem is determined to
have an inadequate Electromagnetic Interference Safety Margin, appropriate action is taken
(e.g., redesign, substitution, or additional protection). Therefore, the concerns for payload
to payload, payload to Titan IV (SRMU or SRM)/Centaur, and Titan IV (SRMU or
SRM)/Centaur to payload radiated emissions are thoroughly addressed and resolved before

flight readiness is attained.

Many well-known techniques are available to achieve EMC. The procedures used to
achieve this operational compatibility are prescribed in Military Specification 6051,
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Electromagnetic Compatibility Requirements System, updated February 28, 1988, and

supporting procedures. All avionics equipment on the Titan IV (SRMU or SRM)/Centaur

has been EMC qualified per NASA, USAF, and contractor specifications. All EMC reports

are presented and reviewed during a series of payload integration reviews involving all

contractor and government parties. Problems are resolved during these reviews. In

addition, all payload and the Titan IV (SRMU or SRM)/Centaur EMC requirements are

constantly reviewed and updated whenever new information becomes available.

Charflin.q Effects

Electrical charging effects can be associated with picking up an electrical charge

that can suddenly discharge when a metallic object is touched. The effect results from

rubbing or touching and parting two dissimilar materials together.

Charging can be produced by space vehicles flying through dust and clouds that are

composed of water droplets. Such discharges can lead to electrical interference.

Techniques to mitigate the effects of ESD are well-known and generally depend on

proper bonding and grounding of the external and internal vehicle assemblies and parts.

This prevents large differential charges from building up between surfaces and arc

discharging. Most vehicle charge resides on external and payload bay surfaces. Tile

USAF uses Class S bonding, as prescribed by MIL-STD-1818, to prevent tile effects of

electrostatic discharging.

Ordnance and Fuels

Ordnance and fuels represent special concerns. Electrostatic and electrodynamic

energy can potentially trigger fuel ignition of special ordnance (i.e., electroexplosive

devices), which can lead to undesired ordnance ignition and possibly equipment

separations. Due to the fuel containment design, substantial amounts of energy from the

radio frequency environment or electrostatic discharge are needed to trigger the liquid and

solid fuels.

Techniques used to protect such ordnance and fuels from lightning, the

electromagnetic environment, and discharges are well-known and used in many aircraft

and missile systems. These techniques, used by the USAF, are prescribed in

MIL-STD-1576, Electroexplosives Subsystem Safety Requirements and Test Methods for

Space Systems, which establishes general requirements for the design, development, and

testing of electroexplosive subsystems to preclude hazards from ignition and failure to fire.

This standard applies to all space vehicle systems (e.g., launch vehicles, upper stages,

payloads, and related systems). Special designs of fuel tanks and fuel delivery subsystems

are used to prevent ordnance ignition.

On the Cassini spacecraft, for example, there would be two types of such electro-

explosive devices: NASA standard initiators (NSIs) and bellows actuators. NSIs would be

used to actuate pinpullers, propulsion valves, release nuts, rod cutters, and the Huygens

Probe parachute deployment device. An NSI and detonator combination would be used to

activate the detonating cord used in the Linear Separation Assembly. The bellows
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actuators would be used to deploy science instrument covers. Both electroexplosive
devices are designed to specifications that require an inability to "fire" when 1 watt or
1 ampere is applied to the device. These devices would be controlled by redundant firing
circuits that are inhibited during launch by a series of relays located on the Centaur, the
spacecraft, and the Huygens Probe. The inhibit logic and circuitry are designed to comply
with the Range Safety Requirements document 45th Space Wing Regulation 127-1 and
MIL-STD-1576. The combination of these devices provides a very large margin compared
to the energy available from external sources.

Electromagnetic interference is also a design consideration with respect to the
pyrotechnic devices (detonators) on the launch vehicle. These devices and the firing
circuits are designed to perform to MIL-STD-1512, Electro-Explosive Systems, Electrically
Initiated, Design Requirements, and Test Methods. All spacecraft and upper stages that
fly on the launch vehicle undergo an intensive review of their susceptibility to
electromagnetic radiation in accordance with strict NASA and USAF specifications.
Hazard reports must be prepared and closed out for devices that do not meet the
specifications.

The pyrotechnic devices on the Titan IV (SRMU or SRM)/Centaur launch vehicle

reflect the design and operational experience gained from the entire U.S. launch
vehicle/spacecraft history to date. The launch vehicle design requires that several
separate, distinct electrical signals be received in the proper sequence to initiate firing
outputs from the pyrotechnic initiator controllers. Circuit designs have been developed to

ensure that electrical shorts to either ground or power will not cause any premature firing
of these devices. In addition, the explosive materials in these devices have been chosen
after extensive material test programs and development testing under flight conditions to
ensure that they will not auto-ignite in the flight environment, which includes
electromagnetic radiation.

2.3 DESCRIPTION OF THE 1999 MISSION ALTERNATIVE

2.3.1 Mission Desi.qn

For the 1999 mission alternative, the Cassini spacecraft with the Huygens Probe
and three RTGs would be launched to Saturn by the Space Shuttle from Launch Pad 39A
or 39Blocated at Kennedy Space Center. Figure 2-11 illustrates the Shuttle. This mission
alternative would require two Shuttle launches separated by at least 21 days but no more
than 51 days. The first Shuttle launch would place an upper stage into low Earth orbit and
the second launch would deliver the remaining upper stage(s) and the Cassini spacecraft

including the RTGs. The upper stages with the spacecraft would be assembled on-orbit by
astronauts. The spacecraft would then be injected into its interplanetary trajectory to
Saturn by the upper stages. The spacecraft would travel on a VEEGAtrajectory, which
would be similar to the trajectory identified for the Titan IV March 1999 backup launch
opportunity for the Proposed Action (see Figure 2-3). The backup launch opportunity for
this mission alternative would occur in August 2000, using a VEEGA trajectory.
Figure 2-12 illustrates the dual Shuttle launch and on-orbit assembly of the upper stages
with the spacecraft. The dual Shuttle launch would provide full maneuvering capability
(similar to the Titan IV [SRMU]/Centaur), but because of requirements of the Huygens
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Probetemperature control during the extendedEarthorbital phase,the probe coast time
would have to be reduced. The reducedcoast time would result in a largerrequiredorbiter
deflection maneuver,which in turn would result in fewer Titan encounters. Therefore,
launchingof the spacecraft via the dual Shuttle in March 1999 or August 2000 would
provide lesssciencereturn than that expectedfrom launchingthe spacecraftwith the
Titan IV (SRMU)/Centauron the same launchopportunities (JPL1994a).

Mission Contingencies

The Shuttle has intact abort capabilities to safely return the Shuttle crew and cargo

to a suitable landing site in the event that specific failures (e.g., engine loss,

electrical/auxiliary power failure) occur during the early phases of launch. There are three

U.S. abort landing sites (i.e., Kennedy Space Center, Edwards Air Force Base, and White

Sands Space Harbor). For every Shuttle mission, foreign abort sites are also identified in

cooperation with host governments and would have to be identified if this mission were

implemented.

2.3.2 Launch Opportunities

As stated previously, interplanetary missions can only be launched during specific

opportunities. The primary launch opportunity for the dual Shuttle launches occurs in

March 1999. A backup launch opportunity has been identified in August 2000, using a

VEEGA trajectory.

As illustrated in Figure 2-12, launches would occur prior to the insertion date of

March 1999 or August 2000, depending on the launch opportunity. Two Shuttle launches

would be required with on-orbit mating of the upper stages with the spacecraft.

2.3.3 Spacecraft Description

The spacecraft would be essentially identical to the one described in Section 2.2.3.

2.3.4 Spacecraft Electrical Power and Heatinq Systems

The spacecraft electrical power and heating systems would be identical to those

described in Section 2.2.4 for the Proposed Action. There may be a reduction in the

number of RHUs for the Huygens Probe.

2.3.5 Spacecraft Propulsion Module Subsystem

The propulsion module subsystem would be as described in Section 2.2.5 for the

Proposed Action.

2.3.6 Launch Vehicle (Dual Shuttle) Confi.quration

The Shuttle {see Figure 2-11) consists of an orbiter, a piloted (manned) reusable

vehicle, which is mounted on a non-reusable (expendable) External Tank (ET) and two

recoverable and reusable Solid Rocket Boosters (SRBs) (NASA 1988a).
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Propulsion for the orbiter is provided by three engine systems: three Space Shuttle
Main Engines (SSMEs), two SRBs, and an Orbital Maneuvering System (OMS). The
SSMEs and the SRBs together provide thrust for lift-off and for the first 2 minutes or so of

ascent. After the SRBs burn out, the SSMEs thrust the orbiter on, almost to orbit. After

the SSMEs are shut down, the OMS provides thrust for attaining orbit, maneuvering while
in orbit, and decelerating out of orbit (NASA 1988a).

The reusable SSMEs burn for about 8 minutes, and the nozzles are gimbaled for
steering. The fuel is liquid hydrogen and the oxidizer is liquid oxygen, both stored in the
ET (NASA 1988a).

The SRBs burn in parallel with the SSMEs to provide the initial ascent thrust. Each
SRB (steel cased) weighs approximately 586,500 kg (1.293 million Ibs), providing
12.76 million N (2.9 million Ibs) of thrust at sea level. The nozzles on the SRBs are also

gimbaled for steering. The propellant for the SRBs is a composite-type solid propellant
formulated of polybutadiene acrylonitrile (PBAN) terpolymer binder, ammonium perchlorate,
and aluminum powder (NASA 1988a).

The OMS includes two engines with gimbaled nozzles for steering. The fuel is
MMH and the oxidizer NTO.

2.3.7 Mission Timeline

For a launch with the Space Shuttle, a typical mission timeline would be as follows
(NASA 1988a):

Phase 0 Prelaunch/Launch {T - 8 hr to T - 6.6 s)--This phase begins with the

initiation of loading the liquid hydrogen (LH 2) and liquid oxygen (LO 2) into the
Shuttle's ET at T - 8 hr and ends at SSME ignition at T - 6.6 s.

Phase 1 Launch and Ascent (T - 6.6 s to T ÷ 128 s)--This phase begins with
SSME ignition at T - 6.6 s to SRB ignition at T - 0 and ends with SRB burnout
and separation at T + 128 s. At T + 2 s, the vehicle would have sufficient
velocity and attitude control to avoid striking the launch tower if the left SRB
were to fail and lose thrust. The vehicle would clear the tower at T + 7 s.

During this period, the telemetry and visual cues may be insufficient to permit
use of the Flight Termination System (FTS). After T + 10 s, however, the FTS
would be available. In the event of an accident, the liP of vehicle debris would

pass from land to the ocean at aboutT + 17 s and would be in deep water by
T + 30 s, assuming a normal trajectory. After T + 30 s and before SRB

burnout and separation at T + 128 s, the Shuttle would pass through the period
of maximum dynamic pressure and SSME throttling. At T + 57 s, the Shuttle
would reach an altitude where the results of an accidental fuel release would no

longer threaten KSC or the local Florida region.

Phase 2 Second Stage (T + 128 s to T + 532 s)--This phase begins with SRB
separation at T + 128 s and ends with MECO at T + 532 s. Normally, the liP
for Africa landfall would occur at about T + 500 s and would reach the Indian
Ocean at about T + 505.5 s.
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Phase 3 On Orbit (T + 532 stoT + 24,000s)--This phase begins at
T + 532 s and ends approximately T + 6 hr, just prior to the deployment of the
spacecraft and the upper stage from the Shuttle's cargo bay. An OMS burn
would be required at the beginning of this phase.

• Phase 4 Payload Deploy (T + 24,000 s to Earth Escape)--This phase begins
with the deployment of the spacecraft and upper stage from the cargo bay.

• Interplanetary Cruise (Earth Escape to end of mission)--This phase covers the
interplanetary cruise between Earth and Saturn.

The 1999 mission alternative would have some differences in the Shuttle mission timeline

due to the on-orbit mating of the upper stages and the spacecraft by astronaut extra-
vehicular activity.

2.3.8 Ran.qe Safety Considerations

2.3.8.1 General

Range safety encompasses all activities relevant to launch vehicles at KSC. See
Section 2.2.8.1 for details.

2.3.8.2 Flight Termination System

The FTS on the Shuttle, when activated from a ground signal, would destroy the
two SRBs and the ET. Theonboard systems for the two SRBsand one ETwould be
connected so that if either SRB received a destruct command all three would receive it.

The system for each of these would be redundant to assure reliability (NASA 1988a).

2.3.8.3 Electromagnetic Hazard Conditions

The discussion in Section 2.2.8.3 also applies to the 1999 mission alternative.

2.4 DESCRIPTION OF THE 2001 MISSION ALTERNATIVE

The 2001 mission alternative would be similar to the Proposed Action in that it
would include the Cassini spacecraft with the Huygens Probe and the three-RTG electrical
power system, as described in Sections 2.2.3 through 2.2.5. This mission alternative,
however, would insert the Cassini spacecraft into a non-Earth-Gravity-Assist trajectory.
The launch vehicle would be the Titan IV (SRMU)/Centaur and would have a similar
missiontimeline as described in Section 2.2.7. Neither the Titan IV(SRM)/Centaur nor the

dual Shuttle launch would be capable of launching and injecting the Cassini spacecraft into
this trajectory. This mission alternative would havea primary launch opportunity during
the first 2.5 weeks of March 2001 from CCAS and would use a 10.3-yr Venus-Venus-
Venus-Gravity-Assist (VVVGA) trajectory, as depicted in Figure 2-13. The first Venus

swingby would occur in August 2001, the second in September 2002, and the third in
November 2005, arriving at Saturn in June 2011 for the 4-year tour of the Saturnian
system (JPL 1994a).
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To accommodate the amount of maneuvering associated with the VVVGA
trajectory, the Cassini spacecraft would have to be fitted with larger propellant tanks than
used in the Proposed Action, to hold about 20 percent more propellant (increase of about
600 kg [1,323 Ib]). In addition, a different spacecraft propulsion engine would have to be
used--a rhenium engine. The rhenium engine, currently not space-qualified, is a higher
performance engine than the currently designed engine for the spacecraft. A rhenium
engine is a spacecraft main engine with a rocket chamber fabricated from rhenium and an
internal oxidation-resistant iridium coating. It can perform at 2,200°C (4,000°F) which
enables it to run without the need for cooling the rocket chamber. Aversion of this engine
has been in development for NASA missions. Another version of the engine is being
developed for commercial spacecraft. To make a rhenium engine available for this mission
alternative, NASA would have to invest additional funds to complete engine development
and make it flight ready. Only a high performance rhenium engine would have the
potential capability to perform all the interplanetary maneuvers necessary to use the
VVVGA trajectory and still leave enough propellant for maneuvers in orbit around Saturn.
Even with the larger tanks, the amount of propellant available for spacecraft maneuvering
upon reaching Saturn would be limited. The number of Titan flybys would have to be
reduced from 35 (the Proposed Action) to 21, the SOl burn delay would have to be
eliminated, and the initial orbit period would have to be increased significantly. This would
reduce the amount of science return obtained from the Titan flybys and from close-in

observation of Saturn's rings just prior to orbit insertion (JPL 1994a).

The Titan IV (SRMU)/Centaur would not have any launch mass margin to perform
the VVVGA trajectory. Therefore, any increase in spacecraft mass would probably exceed
the launch vehicle lift capability. The spacecraft would also be older at the time of arrival
at Saturn compared with the Proposed Action's primary launch opportunity. The longer
cruise time would also decrease the RTG electrical power output for the science
experiments. The longer cruise time increases the probability of spacecraft failure and,
therefore, loss of science.

There is no non-Earth-Gravity-Assist backup launch opportunity using the Titan IV
(SRMU)/Centaur launch vehicle. A May 2002 VEEGA trajectory exists as a backup to the
March 2001 VVVGA. This VEEGA trajectory would have characteristics similar to the
December 1997 or March 1999 VEEGA trajectory for the Proposed Action's contingency

launch opportunities.

A delay of the Cassini mission until the 2001 mission alternative would disrupt and
could possibly strain the international partnerships formed to develop the Cassini Orbiter,

Huygens Probe, and other space-related projects.

2.5 DESCRIPTION OF THE NO-ACTION ALTERNATIVE

The No-Action alternative would cancel theCassini mission to Saturn. No further

preparations would be made for the mission and the mission would not be implemented.
None of the mission-specific science objectives would be realized. Some tangible benefits
discussed in Section 1.4 (e.g., technological advances, such as a solid state data recorder
and gyros) from the development of and planning for the Cassini mission have already
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beenrealized. Any future benefits directly attributed to the mission would be forfeited.
Cancellationof the missioncould seriouslydisrupt and strain the internationalpartnerships
NASA has formed to develop space-relatedprojects.

2.6 EVALUATIONOF LAUNCHVEHICLES,MISSIONTRAJECTORIES,AND SPACECRAFT
POWERSYSTEMS

In addition to the basic engineeringdesignof the spacecraft, the other key
componentsassociatedwith the mission are the launch vehicle, the interplanetary
trajectory, and the power system for the spacecraft's electrical requirements. Thesemust
function together to satisfy the requirementsof the mission. Eachof the key components
were evaluatedin developingthe ProposedAction and alternatives addressedin this EIS.

The key components (seeFigure2-14) were evaluatedin terms of 1) technical
feasibility, 2) ability to satisfy the scienceobjectives for the mission, and 3) potential for
reducing the possibleenvironmental impacts associatedwith the missiondesign for the
ProposedAction. Acomponent must provide the performanceand operating
characteristics requiredby all other componentsof the spacecraft and launchvehicle
without imposing new requirements(JPL 1994a). The componentsmust, of necessity, be
compatible with all the other components for a particularmission. To beconsidered
technically feasible, a componentmust have beentested for space-flightapplicationsor
must be in the developmentstageson a timetable consistent with the Cassinimission
schedule. The requirementfor the mission componentsto satisfy the scienceobjectives is
essential becausethe missionmust provideuseful information in a timely manner. The
missioncomponentswere also evaluatedwith respect to relative environmentalimpacts.

2.6.1 Launch Vehicles

Performance (lift capabilities) and availability are the overriding considerations in the
selection of a launch vehicle for a planetary mission because the launch vehicle must be

able to reliably place the spacecraft into the proper trajectory. If the launch vehicle does
not have adequate lift capacity (including sufficient margins), then it does not merit further
evaluation (JPL 1994a). Performance is derived from an integrated launch vehicle
consisting of the booster and an upper stage. The booster operates from the ground to
insert the upper stage and payload into a desired parking orbit. The upper stage then
injects the payload from the parking orbit into the desired interplanetary trajectory. In
certain cases, the booster alone cannot place a fully loaded upper stage and payload (such
as with the Cassini spacecraft) into parking orbit. Therefore, a portion of the propellant for
the upper stage is used to insert the payload into the parking orbit. For instance, the
Titan IV (SRMU)/Centaur for the Proposed Action would require that about 20 percent of
the Centaur (upper stage) propellant be used to place the Centaur and the Cassini
spacecraft into a low Earth parking orbit.

It is generally not possible to arbitrarily mix and match boosters and upper stages to
create a launch vehicle configuration to deliver the payload to the desired trajectory.
Upper stages are usually designed for use with certain boosters. Thus, boosters and upper
stages must be compatible in both performance and integration. In addition, the size of
the PLF (on expendable launch vehicles) or the cargo bay (on the Shuttle) is considered in
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the configuration of the launch vehicle. For example, the Titan IV (SRMU) can use a
variety of PLF sizes, from 17.1 m to 26.2 m (56 ft to 86 ft) long (Martin Marietta 1992);
the cargo bay on the Shuttle is 18.3 m (60 ft) long by 4.6 m (15 ft) in diameter (NASA
1988a). The volume available in the PLFor cargo bay for the spacecraft would depend on
the size of the upper stage.

In its assessment of launch vehicles, JPL considered as technically feasible those
systems that are technically mature and space qualified, and as potentially feasible, those
launch vehicles that are under development on a timetable that if met, would be consistent

with the schedule for the Cassini mission. Only those systems that would provide the
required performance and operating characteristics without imposing any new
requirements upon the mission or other mission components were considered in detail by
JPL. This narrowed the launch vehicles for the Cassini mission to the U.S. and foreign
launch vehicles discussed in Sections 2.6.1.1 and 2.6.1.2, respectively. Table 2-4
provides a summary comparison of the U.S. launch vehicles (JPL 1994a). The mission
trajectories are discussed in Section 2.6.2 of this EIS.

2.6.1.1 U.S. Launch Vehicles

Two U.S. launch vehicles (Titan IV and Shuttle) are space-qualified, available and,
in certain configurations have the lift capability to place the spacecraft into a low-Earth
orbit (LEO) from which it could then be injected into a feasible trajectory to Saturn. The
following configurations were evaluated for the Cassini mission:

• Titan IV (SRMU or SRM)/Centaur (for the Proposed Action)

• Shuttle (i.e., Space Transportation System [STS])/Inertial Upper Stage (IUS)

• Shuttle/IUS-Payload Assist Module Special (PAM-S)

• Shuttle/Unspecified Upper Stage(s)

The Titan IV (SRMU or SRM)/Centaur is described in Section 2.2.6 of this EIS. The

Titan IV (SRMU) is the most capable U.S. expendable heavy lift vehicle with the capacity
of placing 22,680 kg (50,000 Ib) into LEO. The existing Titan IV (SRM), successfully
flown in ten out of eleven missions (as of March 3, 1995), has an LEO capability of about
18,140 kg (40,000 Ib). While either vehicle would be capable of launching the Cassini
spacecraft during the launch opportunities of the Proposed Action, the science return for
the SRM configuration would be less than that of the SRMU configuration.

The Shuttle, discussed in Section 2.3.6 and in several NASA NEPA documents,
including the Galileo and Ulysses ElSs (NASA 1989b, NASA 1990), has similar lift
capabilities as the Titan IV (SRMU). It has been launched 68 times with 1 failure. The

Shuttle, a piloted reusable vehicle, is mounted on a non-reusable ET containing liquid
hydrogen and oxygen propellants and two SRBs. The Shuttle has three main rocket

engines and a cargo bay 18.3 m (60 ft) long and 4.6 m (15 ft) in diameter (NASA 1978).
Crew safety guidelines prohibit the use of the powerful Centaur upper stage in the Shuttle.
For interplanetary missions, less energetic solid-propellant fueled upper stages, also
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TABLE2-4. SUMMARY OF POTENTIALU.S. LAUNCH VEHICLES

Single Shuttle Dual Shuttle Launch

Qualifying Launch Titan IV (SRMU) Titan IV (SRM) with with Upper Stage

Opportunities with Centaur with Centaur IUS/PAM-S Assembly On Orbit

October 1997 VVEJGA X X See footnote a

December 1997 VEEGA X X - See footnote a

March 1999 VEEGA X X - X

August 2000 VEEGA X X X

March 2001 VVVGA X - -

March 2002 VVVGA - -

May 2002 VEEGA b X -- - X

1997, 1998, 1999 JGA -- -

Science Return for Would return Would return Not applicable Would return less

Equivalent Launch best science less than than the Titan IV

Opportunities c Titan IV (SRMU)/ (SRMU)/Centaur

Centaur

Launch Vehicle

Considerations

• Spacecraft

needs

rhenium

engine for

non-EGA

opportunity

• No non-EGA

backup

opportunities

for March

2001

• Less

performance

than Titan IV

(SRMU) with

Centaur

configuration

• No non-EGA

opportunities

• Not technically
feasible

• Requires

development of

new upper stage

• Assembly on-orbit

increases

technical

complexity

• No non EGA

opportunities

NOTE: X

Source: adapted from JPL 1994a

Launch vehicle has sufficient capability to perform the mission with this trajectory.

Launch vehicle does not have sufficient capability to perform the mission with this trajectory.

a. There is not enough time to develop and implement the integration design for the spacecraft, launch vehicle, and upper

stage without incurring unacceptable development, integration, and schedule risk.

b. If the primary launch opportunity in March 2001 were missed, there would not be enough time to reconfigure the

mission for a dual Shuttle backup launch opportunity.

c. Amount of science return expected compared to using a Titan IV (SRMU)/Centaur for the same launch opportunity.
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compatible with the Titan IV vehicle, are typically used in the Shuttle. For example, the
IUS was used for the Magellanand Galileomissions(in May 1989 and in October 1989,
respectively),and the IUS/PAM-Swas used for the Ulyssesmission in 1990. Forthe
Cassinimission, neitherof these upper stages,when coupled with the Titan IV (SRMUor
SRM)or the Shuttle, would be capableof placing the spacecraft into a feasible trajectory
to Saturn. Therefore, launchvehicle configurationsusing either of these two upper stages
were not consideredfurther. Launchof the Cassinispacecraft using the Shuttle would
require two Shuttle launches (separatedby at least 21 days, but no more than 51 days) to
placethe spacecraft and upper stages into LEO,where the final on-orbit mating (of the
spacecraft and upper stages)would beperformed by astronauts. The upperstages would
then inject Cassini into the VEEGAinterplanetarytrajectory. Though the dual Shuttle
launch is technically feasible, there would be insufficient time to developand implement
the integration design for the spacecraft, launchvehicle, and upper stagewithout incurring
unacceptabledevelopment, integration, and schedulerisk for the 1997 launchopportunity
(JPL1994a). Thus, the dual Shuttle launchcan be consideredonly for later launch
opportunities, such as the March 1999 opportunity.

2.6.1.2 ForeignLaunchVehicles

Currently, the United States does not have any programsfunded to develop a
launchvehicle with a lift capability greater than the Titan IV (SRMU)/Centaur. However,
the following foreign launchvehiclescould potentially havesimilar capability to the
Titan IV (SRMU)/Centaur(JPL 1994a):

• Ariane-5/Centaur IIA

• Energia/Energia Upper Stage (EUS) and/or the Retro and Correction Stage (RCS)

• Energia-M/Centaur IIA or BIock'DM' + Star 63F

• Proton-M/Block 'D' + Star 63F.

Though the above foreign vehicles are still in the development stage and/or have
uncertain development schedules, their technical capability of launching the Cassini
spacecraft can be potentially assessed. It should be noted that the use of a foreign launch
vehicle raises special programmatic concerns. The following list summarizes some of
these concerns:

Substantial time would be required to analyze, develop, space-qualify and

implement the integration design for the spacecraft, launch vehicle, and upper
stage.

The launch approval process for carrying a radioactive payload into space from

foreign soil would require U.S. and foreign government involvement beyond the
purview of this EIS.
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Transportation and security requirements specifically for the RTGs and RHUs

would require U.S. and foreign government involvement and policy decisions

that are beyond the purview of this EIS.

• Foreign relations and domestic/competitiveness policies are beyond the purview

of this EIS (White House 1990).

• Difficulty would be associated with spacecraft and launch vehicle integration at

unfamiliar overseas launch facilities.

Table 2-5 summarizes the foreign launch vehicles that JPL addressed in detail (JPL

1994a). The table identifies interplanetary trajectories and launch opportunities that can

potentially be enabled by the launch vehicles (see Section 2.6.2). The table also identifies

the amount of science return expected by using these launch vehicles compared with

using a Titan IV (SRMU)/Centaur. Additional limitations associated with the use of these

launch vehicles have also been presented in the table.

Ariane-5

The European Ariane-5, an expendable launch vehicle being developed to replace

the operational Ariane-4 series by 1999, is proposed to have its first commercial flight in
1996. The Ariane-5 would be launched from Kourou in French Guiana. It would be atwo-

stage core vehicle with two strap-on boosters. The planned fairing size would be 4.6 m

(15.1 ft) diameter and 12 m (39.4 ft) long. The capability of the Ariane-5 would be

comparable to the Titan IV (SRMU) at 20,865 kg (46,000 Ib) to LEO (JPL 1994a).

Currently, there are no plans to develop any upper stages for this vehicle. However, the

Ariane-4 HIO cryogenic third stage or Centaur IIA could potentially be modified to inject

planetary payloads. (The Centaur IIA is the version of the Centaur cryogenic upper stage

which is currently used by the U.S. Atlas II family of launch vehicles). Use of the Ariane-

5/Centaur IIA to launch the spacecraft would involve technical complexities with

substantial analysis, integration and qualification of the upper stage to the spacecraft. In

addition, major launch pad and operational modifications would have to be implemented

for the Centaur IIA, the spacecraft, and the necessary interfaces. The payload fairing

would also be too small for the currently designed spacecraft. Regardless of the current

developmental status and potential of the Ariane-5 with the Centaur IIA, it would not

enable any new interplanetary trajectories beyond those identified for the Proposed Action

using the Titan IV(SRMU)/Centaur. Therefore, these complexities, the lack of any new

trajectories and the programmatic concerns eliminate the Ariane-5 from further
consideration for this mission.

Enerq_

The Russian Energia, the most powerful launch vehicle built in the last decade, has

not flown since November 1988. It has had a brief flight history consisting of two test

flights, with an upper stage failure during one of these test flights. The Energia was

designed to be able to place approximately 93,070 kg (205,000 Ib) of payload into a

200 km (125 mi) sub-orbital trajectory (JPL 1994a). Payloads can then be boosted into

Earth orbit either by using their own propulsion systems or by an upper stage. The Energia
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TABLE 2-5. SUMMARY OF POTENTIAL FOREIGN LAUNCH VEHICLES

Split Mission

Proton-M with Proton-M with

Qualifying Launch Ariane-5 with Energia with Energia M with Block 'D' + Block

Opportunities Centaur IIA EUS/RCS Centaur IIA Star 63F 'D' + Star 63F

October 1997 VVEJGA See footnote a See footnote a See footnote a See footnote a See footnote a

December 1997 VEEGA See footnote a See footnote a See footnote a See footnote a See footnote a

March 1999 VEEGA X X X X X

August 2000 VEEGA X X X X X

March 2001 VVVGA X X X - -

March 2002 VVVGA X X X X X

May 2002 VEEGA X X X - --

1997, 1998, 1999 JGA - X - - -

Science Return for Would return full Would return full Would return full Would return Would return full

Equivalent Launch science; for non- science; for non- science; for non- less science science

Opportunities b EGAs, meets EGAs, meets EGAs, meets

minimum minimum minimum

requirement requirement requirement

Launch Vehicle

Considerations c

Needs

development

of new upper

stage

configuration

PLF is too

small for the

Cassini

spacecraft

Spacecraft

needs rhenium

engine for

non-EGA

opportunities;

would need

idealized

rhenium

engine

performance

for March

2002

Development

of upper

stages is

uncertain

Lack of

information

available with

respect to the

booster and

upper stages

to assess

technical

feasibility

Needs

development

of new upper

stage

configuration

2002 VVVGA

opportunity

has a cruise

duration of 12

years

March 2002

VVVGA

requires a

substantially

larger

bipropetlant

tank

• Needs

development

of new upper

stage

configuration

• PLF is too

small for the

Cassini

spacecraft

• No flight

termination

system

• Needs

development of

new upper stage

configuration

• PLF is too small

for the Cassini

spacecraft

• Would use a

total of 5 RTGs

• Twice the

number of

gravity-assists

• Increased

mission risk

because requires

two successful

launches and

two successful

Saturn orbit

insertions for

full science

return

Source: JPL 1994a

NOTE: X Launch vehicle has sufficient capability to perform the mrssion with this trajectory.

-- Launch vehicle does not have sufficient capability to perform the mission with this trajectory.

a. Even if this launch configuration was determined to be available and technical feasible, there would be insufficient time to develop and

implement the integration design for the spacecraft, launch vehicle and upper stage without recurring unacceptable development,

integration and schedule risk,

b. Amount of science return expected compared to using a Titan IV (SRMU)/Centaur for the same launch opportunity,

c. Transportation and security requirements for the RTGs and RHUs would require both U.S. and foreign government involvement and

policy decisions that are beyond the purview of this EIS.
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consists of a cryogenic core stage with four to eight strap-on boosters. A 6.7 by 42.1 m

(22 by 138 ft) cargo container is side-mounted to carry the upper stage and payload.

Depending on the booster and upper stage configuration, the Energia could potentially

enable Jupiter-Gravity-Assist (JGA) and direct trajectories for Cassini. Russia is reportedly

developing two upper stages for the Energia. These are the Retro and Correction Stage

(RCS) (also known as Block to Transfer and Correction [BTKI), and the Energia Upper

Stage (EUS) (JPL 1994a). Operational and flight schedules for these upper stages are

uncertain at this time. The availability of the Energia has not been established and the

future of this launch vehicle is uncertain. Due to insufficient information on the status of

development and performance of the Energia core vehicle, an accurate evaluation of the

Energia's technical performance (e.g., the operation and payload integration details and

accident analysis) for the Cassini mission cannot be made. The Energia is eliminated from

further consideration for the Cassini mission due to the lack of adequate technical data on

its performance and due to the programmatic concerns.

The Energia-M is designed to be a smaller version of the Energia discussed above.

It would use two of the Energia's strap-on boosters. Also, the core engine would be a

scaled down version of the Energia's. Its payload fairing would be 5.1 m (16.7 ft)in

diameter and 21.5 m (70.5 ft) long, in line with the core. The Energia-M would place a

30,845 kg (68,000 Ib) payload in near low Earth orbit (sub-orbital) (JPL 1994a). The

Centaur IIA (upper stage) could potentially be used with the Energia-M for the Cassini

mission. However, major launch pad (i.e., Baikonur Cosmodrome in Kazakhstan) and

operational modifications would be necessary to implement and launch such a

configuration. The Energia-M has only undergone a full scale model launch pad

compatibility evaluation at Baikonur. The Centaur IIAand the Cassini spacecraft would fit

the Energia-M's 21.5 m (70.5 ft) long PLF. The less energetic (compared to the Centaur

IIA) BIock'DM'+ Star 63F upper stage could also be used. However, the Energia-M

configuration would not enable any new interplanetary trajectories different from those

identified for the Proposed Action using the Titan IV (SRMU)/Centaur. The actual

development of the Energia-M has not begun; therefore, future availability is highly

uncertain. Thus, for these reasons and the programmatic concerns, the Energia-M is

eliminated from further consideration for the Cassini mission.

Proton

When available, the Russian Proton-M, a modernized version of the Proton D-l-e

which has flown over 200 missions, is expected to have the capability of placing about

23,700 kg (52,250 Ib) in LEO. Two versions of the Proton upper stage, i.e., the Block
'DM' and the BIock'D' are available. Each is a single engine, liquid-fueled, three-axis

stabilized, inertially guided, restartable stage. The'D' version is lighter and more energetic

than the'DM' version. In order for the Proton-M with the'D' version upper stage to be

potentially feasible for the Cassini mission, an additional upper stage (e.g., a Star 63F) and

a larger payload fairing would be required. This configuration (i.e, Proton-M/Block 'D'+

Star 63F) could provide a performance comparable to the Titan IV (SRM)/Centaur and it

would not be capable of enabling any new interplanetary trajectories different from those

identified for the Titan IV (SRMU)/Centaur. Because of these technical issues, its

unavailability, and the programmatic concerns associated with foreign launch vehicles, the

Proton-M is eliminated from further consideration for the Cassini mission.
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The Proton-M with BIock'D' + Star 63Fcould also enable a split mission. In this
configuration, two smaller spacecraft would be launched to Saturn, with only one
spacecraft carrying the Huygens Probe to Titan. This approach would require the use of a
total of five RTGs. Due to technical complexities and programmatic concerns, the
Proton-M with BIock'D' + Star 63Fis eliminated from further consideration for the
Cassini mission.

2.6.1.3 Summary of Launch Vehicles

Due to the technical complexities, the lack of adequate technical data, and the
programmatic concerns associated with the use of foreign launch vehicles, they are
eliminated from further consideration for the Cassini mission. For a 1997 launch, the U.S.

Titan IV (SRMU)/Centaur is the only feasible launch vehicle to accomplish all of the
planned science objectives with a full science return. If the Titan IV (SRMU)/Centaur were
not available, then the less powerful U.S. Titan IV (SRM)/Centaur would be used to
implement the mission. Using the Titan IV(SRM)/Centaur would necessitatea reduction in
the mass of the propellant on the spacecraft. This action would limit the amount of
maneuvers at Saturn and would therefore result in a reduced science return when

compared with a launch on the Titan IV (SRMU)/Centaur. In addition, an opportunity to
implement the mission exists in 1999 using the Shuttle. Using the Shuttle, however,
would require two launches, separated by a minimum of 21 but no more than 51 days.
The science return in this case would be less than that for the 1997 Titan IV
(SRMU)/Centaur launch.

2.6.2 Mission Trajectories

Trajectories for interplanetary missions are either ballistic or nonballistic. In a

ballistic trajectory, the spacecraft's flight path is shaped only by the gravitational
influences of the Sun and planets. Anonballistic trajectory includes, in addition to the
gravitational influences, velocity changes produced by the spacecraft's chemical propulsion
system. All planetary missions flown to date have used nonballistic trajectories. These
trajectories, therefore, consist of two or more ballistic trajectory arcs connected by
spacecraft maneuvers. Both ballistic trajectories and nonballistic trajectories can be
classified as either direct trajectories (see Section 2.6.2.1) or gravity-assist trajectories
(see Section 2.6.2.2). Another class of nonballistic trajectories, low-thrust trajectories,
can be used by spacecraft with a low-thrust propulsion system (see Section 2.6.2.3) (JPL
1994a).

2.6.2.1 Direct Trajectory

A direct trajectory typically uses chemical propulsion, does not use planetary
gravity-assist swingbys, and can be either ballistic or nonballistic. This trajectory shortens
flight time, lowers operational costs, and reduces mission complexity. It also reduces the
likelihood of accidental reentry into the Earth's atmosphere. Opportunities to use a given
direct trajectory repeat whenever the same relative planetary alignment (phasing) occurs.
Currently, none of the available U.S. launch vehicles has the lift capability necessary to
launch the Cassini spacecraft into adirecttrajectory(JPL 1994a). A U.S. vehicle is not
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being developed with this capability; therefore, this type of trajectory is infeasible at this
time.

2.6.2.2 Gravity-Assist Trajectory

A gravity-assist trajectory depends on chemical propulsion and uses one or more

swingbys of planets to significantly reduce requirements for either the mission's launch

injection energy, arrival velocity, or flight time. Several past missions have used gravity-

assist swingbys. Pioneer 11, launched in 1973, used a Jupiter-Gravity-Assist to allow a

flyby of Saturn. Mariner 10, also launched in 1973, used a Venus-Gravity-Assist to swing

by Mercury. Voyagers 1 and 2 (launched in 1977) each used a gravity-assist swingby of

Jupiter to reach Saturn. Voyager 2 also used a gravity-assist at Saturn to go to Uranus

and then a gravity-assist of Uranus to continue to Neptune. The Galileo spacecraft used

swingbys of Venus in 1990 and Earth in both 1990 and 1992, which will enable the

spacecraft to encounter Jupiter in 1995 (JPL 1994a).

The Proposed Action would use a Venus-Venus-Earth-Jupiter-Gravity-Assist

(VVEJGA) involving an Earth-Gravity-Assist swingby. Gravity-assist swingbys of Earth

represent a very effective means of increasing the mass that can be delivered to an outer

planet, such as Saturn. Trajectories using combinations of Venus and Earth-gravity-assist

swingbys, such as Venus-Earth-Gravity-Assist (VEGA), Venus-Venus-Earth-Gravity-Assist

(VVEGA), and Venus-Earth-Earth-Gravity-Assist (VEEGA), have an important advantage

since their launch energy requirements are low. The addition of a Jupiter-Gravity-Assist

after the final Earth or Venus swingby, such as Venus-Venus-Earth-Jupiter-Gravity-Assist

(VVEJGA) or Venus-Venus-Venus-Jupiter-Gravity-Assist (VVVJGA), makes it possible to

deliver a spacecraft to an outer planet beyond Jupiter with a shorter flight time and/or with

lower post-launch propellant requirements (JPL 1994a).

Gravity-assist trajectories that use planets other than the Earth result in a lower

level of potential environmental impacts because they eliminate the possibility of an Earth-

targeted swingby reentry accident and any associated environmental impacts. For the

Cassini mission, JPL performed detailed analyses of numerous trajectories that would not

use Earth swingbys, including Jupiter-Gravity-Assist, Mars-Gravity-Assist, Mars-Venus-

Gravity-Assist, Mars-Jupiter-Gravity-Assist, Venus-Gravity-Assist, and Venus-Jupiter-

Gravity-Assist (JPL 1994a).

A Jupiter-Gravity-Assist (JGA) greatly reduces the required launch injection energy

while retaining most of the advantages of a direct trajectory. Even with the reduced

injection energy, however, a JGA with launch opportunities in 1997, 1998, and 1999 for

Cassini would still require a launch vehicle with performance capabilities (lift and injection)

that would exceed that of the Titan IV (SRMU)/Centaur.

The planet Mars was evaluated for a gravity-assist swingby for missions to outer

solar system planets. Because of its relatively low mass (about one-tenth that of the

Earth), however, Mars is not effective in increasing the energy of a spacecraft trajectory

during a single swingby. A Mars swingby would be most useful if the spacecraft returned

to Earth for a gravity-assist after the Mars swingby before heading to Saturn. The next

launch opportunity using an Earth-Mars combination would be in 2011, which is outside
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the timeframe for the Cassini mission. Because the Earth is required, the Earth-Mars
combination would not present any environmental advantage over any of the currently
identified trajectories to Saturn. In addition, the combinations of Mars with either Venus
or Jupiter do not provide any advantages (JPL 1994a).

JPL also identified non-Earth gravity-assist trajectories to Saturn using either Venus
alone in a VVVGA or Venus combined with Jupiter for a Venus-Venus-Venus-Jupiter-
Gravity-Assist (VVVJGA) (including the March 2002 opportunity noted in Table 2-4) (JPL

1994a). SeveraIVVVGA opportunities to Saturn exist between 1996 and 2004 but only
the 1996 and 2001 opportunities might be feasible using the Titan IV (SRMU)/Centaur.
For the Venus-Jupiter combination, 1996 is the first opportunity and it becomes available

again 17to 20 years later. Of all these trajectories, three were found to be potentially
feasible using the Titan IV (SRMU)/Centaur: 1) aVVVGA with a March 1996 launch date,
2) a VVVJGA with a March 1996 launch date, and 3) a VVVGA with a March 2001
launch date (JPL 1994a).

Preparations for launch are not feasible for either a 1996 VVVGA or a 1996
VVVJGA trajectory due to significant schedule and technical issues that would have to be

addressed before launch. Accelerating development of the Cassini spacecraft and
Huygens Probe for either of these 1996launch opportunities, 1.5 years earlier than the
Proposed Action, would require an accelerated equipment development schedule from

NASA, the European Space Agency (ESA), and the Italian Space Agency (ASI). There
would not be enough time to develop and implement the integration design for the
spacecraft, launch vehicle, and upper stage without incurring unacceptable development,
integration, and schedule risk, consequently increasing developmental risk and the risk of
spacecraft component failures in flight.

The March 2001 VVVGA, however, would be aviable trajectory (see Section 2.4
for adetailed discussion). This trajectory would be technically feasible to implement with

the Titan IV (SRMU)/Centaur. Without an EGA, it would eliminate the possibility of an
inadvertent reentry during an Earth swingby, as well as any of the associated

environmental impacts. However, this trajectory would not rule out the possibility of a
long-term inadvertent reentry (see Section 4.1.5.3).

2.6.2.3 Low-Thrust Trajectory

A low-thrust trajectory requires the use of low-thrust propulsion systems with
thrust acceleration levels less than one ten-thousandth of the Earth's gravity with specific
impulses that are 5 to 50 times higher than that of a chemical propulsion system.
However, low-thrust trajectories require propulsion systems that are not available or
require significant development. Low-thrust propulsion systems that have been studied
over the last three decades for unmanned planetary missions include the Solar-Electric
Propulsion (SEP), Solar-Thermal Propulsion (STP), Nuclear-Electric Propulsion (NEP), and

Solar Sail. The SEP, the most mature and best understood system, uses large solar arrays
to provide electrical power to a number of modular electric bombardment thrusters using
xenon asa propellant. The STP concept uses large solar concentrators to heat hydrogen
or some other working fluid, which is then discharged through a nozzle to produce thrust.
The NEPcombines a small nuclear reactor with a high-power thruster. Thrust for the Solar
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Sail is produced by momentum transfer from sunlight falling on a large, flat, very

lightweight membrane. These types of propulsion systems, except for NEP, can generally

be operated only near the Sun (JPL 1994a) and, therefore, would not be feasible near

Saturn, which is 9.3 AU from the Sun. Spacecraft for these solar-dependent low-thrust

missions would need to be augmented by chemical propulsion systems for near-Saturn

maneuvers, diminishing or eliminating any payload mass benefit from the otherwise low-

thrust system. Moreover, none of these low-thrust technologies, including NEP, is in a

state of development that allows commitment to a launch in the 1997 to 2001 timeframe

consistent with the mission goals and objectives (JPL 1994a).

2.6.3 Spacecraft Electrical Power Systems

Electrical power generating systems comprise an energy source and an energy

conversion subsystem. The available energy sources include the Sun, chemicals in fuel

cells or batteries, and heat from either radioactive decay, nuclear fission (reactors), or the

combustion of fuels. The energy conversion subsystem transforms energy into electricity

using, for example, photovoltaic cells, thermoelectric couples, or dynamic conversion

machinery. Only certain combinations of energy source and energy conversion

subsystems are inherently compatible.

Other energy sources for the RTGs, if available for Cassini, that could potentially

reduce or eliminate the environmental risks associated with the plutonium dioxide used in

the RTGswere evaluated. Power systems based on such sources must also satisfy the

electrical power system performance criteria discussed in Section 2.2.4.1. The other

power systems considered for Cassini include those that: 1) replace the plutonium (mainly

Pu-238) dioxide fuel in the RTGs with a less potentially hazardous radioisotope, 2)

implement power system designs that require less plutonium dioxide fuel, 3) use a nuclear

reactor, or 4) use a power system based on a non-nuclear energy source (JPL 1994a).

2.6.3.1 Other Radioisotope RTGs

The principal concern for using plutonium dioxide fuel in RTGs is the potential

radiation health and environmental hazards created if the fuel is released into the

environment following an accident. In principle, any radioisotope with a half-life long

enough to provide sufficient power throughout the Cassini mission and with a high enough

specific activity to provide the required power with a suitably small generator can be used.

Two other radioisotopes identified for RTGs are the oxides of strontium-90 (Sr-90) and

curium-244 (Cm-244) (JPL 1994a). An examination of their properties and production

requirements indicates that neither oxide has a significant environmental advantage over

plutonium dioxide. Sr-9O emits gamma radiation and Cm-244 emits both gamma and

neutron radiation. Therefore, extensive shielding would be required during their production

and handling, as well as when the oxide was onboard the spacecraft. Extensive

development and safety testing would also be required. In addition, production facilities

for sizeable quantities of these radioisotopes are not available. Therefore, Sr-90 and

Cm-244 oxides cannot be considered feasible isotopic heat sources for the Cassini power

system.
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2.6.3.2 Power Systems Requiring Less Plutonium Dioxide

To provide comparable power levels with less plutonium, a more efficient
conversion system would be required. The thermoelectric converter on the RTG has an
efficiency of 6.8 percent (DOE 1987a). Other conversion technologies considered include
static systems (thermionic, thermophotovoltaic, and alkali metal thermoelectric converter
[AMTEC]) and dynamic systems (Rankine, Brayton, and Stirling cycles).

The GPHS has a maximum operating temperature of 1,100°C (2,012°F).
Thermionic converters are high-temperature systems operating at temperatures above
1,327°C (2,420°F), which make them incompatible with the GPHS. Thermophotovoltaic
converters operate at temperatures above 1,227°C (2,240°F), again making them
incompatible with the GPHS. With appropriate filters and sufficient development time,
however, thermophotovoltaic converters can operate at the limiting GPHS temperatures.
The AMTEC is in its developmental phase and requires the resolution of issues regarding
performance, degradation, spacecraft integration, launch, lifetime, and zero gravity effects
before it can be considered for a spacecraft application. The dynamic conversion systems
are not sufficiently developed for use in space at this time (JPL 1994a).

All of these power systems also exhibit serious technology maturity issues that
could not be resolved in a timeframe consistent with the Cassini mission requirements and,

therefore, are not feasible (JPL 1994a).

An additional approach evaluated for reducing the amount of plutonium dioxide fuel
needed for the mission would be to reduce the number of RTGs to two and add batteries.

This would be possible on some missions if the electrical power demand is intermittent and
a secondary (rechargeable) battery could be added to supply power during peak demand
periods and allowed to recharge during low demand times. For the Cassini mission,
however, the highest and most continuous power demand would occur during the final
years of the mission when the RTG power would be at its lowest output. Current power
demand profiles would require partial or total spacecraft power shutdowns to recharge the
batteries so that the spacecraft could restart itself again. Not only would this procedure
result in the loss of science data, but it would entail extremely high-risk wake-ups from
dormant modes that have not been demonstrated for such large numbers of cycles (JPL
1994a).

2.6.3.3 Nuclear Reactors

The environmental advantage of using a nuclear reactor is that it can be launched in
a nonoperating mode when the inventory of radioactive fission byproducts is very small. A
nuclear reactor of a size and operating lifetime suitable for Cassini, however, does not
exist nor is it being developed in the United States(JPL 1994a). A number of technical
problems remain to be solved even though nuclear reactors have been launched and
operated in space since 1965. Some of the challenges to reactor development and
implementation for deep space, long-duration missions, such as Cassini, involve control
complexity and excessive mass required for shielding. Therefore, a nuclear reactor is not a
feasible power source for the Cassini mission.
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2.6.3.4 Non-Nuclear Power Systems

Energy sources other than the heat generated by radioisotopes are available. They

include solar energy, fuels and chemicals, and power-beaming (microwave or laser)

sources. The feasibility of using any of these non-nuclear power sources in spacecraft
electrical power systems is addressed below.

Solar Ener,qy

The use of solar energy for U.S. space applications was initiated in 1958 on the

Vanguard I. Since then, solar energy has played a vital role in the U.S. space program by

providing electrical power for most spacecraft operating between the orbits of Mercury
and Mars (i.e., 0.38 and 1.52 AU [56.6 and 226.3 million km or 35.2 and 140.6 million

mi, respectively)). For the Cassini mission, the greatest electrical power requirements

would occur when the spacecraft is acquiring scientific data near Saturn, between 9.0 and

9.3 AU (1.34 and 1.38 billion km [840 and 865 million mi]) from the Sun. At these

distances from the Sun, the intensity of sunlight is only about 1 percent of that at Earth,
and temperatures are quite low.

Solar energy as the source of electrical power for deep-space probes would be

desirable were it not for the large size and mass of the resulting power-generating system.
Generating spacecraft electrical power from the sun has been and continues to be the

subject of several evaluations and studies. A 1981 conceptual study of the system

impacts of using a concentrated solar array (CSA) on the Galileo spacecraft, launched in

1989 to Jupiter and powered by two RTGs, concluded that such an effort could be

performed but would require an "extensive development effort" and that "..the severe

environmental constraints and the embryonic state of CSA development indicates that

CSA will not displace the RTG on the Galileo mission" (Rockeyet al. 1981). For the same

mission, another evaluation of the feasibility of replacing the RTGs on the spacecraft with

solar arrays also concluded that the most promising solar technology, the Advanced

Photovoltaic Solar Array, would not be feasible due to insurmountable mass and schedule

difficulties, and that a completely new solar-powered mission to Jupiter could probably not

be launched until the late 1990's or later (JPL 1989). The NASA-JPL study also indicated

that "no solar technology could demonstrate any viability for missions more distant than

Jupiter." In general, the present level of development of the technology would necessitate

the use of large, heavy arrays of solar cells. Although the large mass and dimensions

would cause numerous technical problems, such as deploying the arrays, maneuvering the

spacecraft, and operating the navigation, communication, and science systems, the

resultant mass is the fundamental limitation. The added mass of the solar arrays

necessary to power the systems on complex planetary exploration spacecraft, such as

Cassini, pushes the total mass of the spacecraft, including its propellants and scientific

instruments, above the launch capability of the current generation of U.S. launch vehicles

for a launch trajectory to Saturn (JPL 1994a). To accomplish the Cassini mission's

science objectives, the spacecraft's size and mass must be within the launch capabilities

and capacities of the Titan IV (SRMU)/Centaur and the spacecraft must be sufficiently

maneuverable when deployed to acquire the desired science data.
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The Sun's energy is typically harnessedby two technologies: 1) a reflective or
refractive surface (i.e., anoptical lens) concentrator coupledwith an appropriate
conversion system, such as photovoltaic cells, to convert the Sun's energy into electricity
and 2) photovoltaic (solar)cells on flat nonconcentratingarraysthat directly convert the
Sun's energyto electricity.

Concentratorshave not been demonstratedin space,and a numberof significant
technical problemswould haveto be solvedbefore a concentrator could be considered
feasible for spacemissions, such asCassini. The problemsinclude how to regulate the
concentrator's temperaturefor acceptableperformanceas the spacecraft traversesa Sun-
to-spacecraft rangefrom 0.63 AU to 9.3 AU; how to predict the behaviorof the optics
over the mission lifetime, becausesmall changesin the concentratorcondition (e.g.,
yellowing, aging, and sagging)can leadto significant power losses;and how to improve
the alignmentof the concentrator elementsdue to the dependenceof the concentrator's
power-generatingability on the Sun's incident angle. In addition, concentrator
performancedependson clear, unobscuredoptics, and estimating the buildup of
interstellar (and Saturnian)dust on the optics would bedifficult. Moreover,vibration
testing of any concentrator array would haveto beperformedto verify post-launchoptical
alignments and operating characteristics in zerogravity environments. The sizeof the
concentrator arrays that would be neededfor the explorationof the Saturniansystem
would not easily integrate into the Titan IV (SRMU)/Centaurand would not satisfy the
launchmassconstraints. Furthermore,it is not clearthat concentrator arrayswould
provideany advantageover planararrays for this mission (JPL1994a).

For the nonconcentratingphotovoltaic arrays, two solar cell technologies,one
basedon silicon (Si)and the other basedon gallium arsenidelayeredon a germanium
substrate (GaAs/Ge),have been consideredfor the Cassinimission. Siliconsolar cells
have beenused for spacepower applicationssincethe late 1950s, and improvements in
cell performancecontinue to bemade. The developmentof the GaAs cells beganin the
1960s but it was not until the late 1970s that their efficienciesbegan to equaland then
exceedthose of silicon. GaAscells now offer higherefficiency (18 percent)than Sicells
(13.8 percent), better efficiency at elevatedtemperatures, and improved radiation
resistance. GaAs-basedcells are morebrittle than Sicells, however, and have more than
twice the mass of typical Si circuits. For scientific and commercialsatellites in Earthorbit,
Si cells have beenthe historically preferredtechnology basedon flight experienceand cost
(JPL1994a). However, it is expected that the useof GaAscells in future missionswill
increasedue to technological maturity, flight success, and continuing cost reduction.

The most promising solar arrayconfiguration is the AdvancedPhotovoltaic Solar
Array (APSA). The APSAis alightweight, deployablesolar array that may be suitable for
long-durationinterplanetarymissions. The APSAdesign is a flexible blanket array that
uses thin solar cells (Sior GaAs)tominimize mass. Environmentaltests of the APSA array
(i.e., vibration, acoustics, and temperaturecycling) and strength/stiffness tests have been
completed. Tests have beenconducted to verify the performanceof variousmechanisms
and to demonstrate its mode of deployment;however, no flight testing has been
undertakenor planned. An APSAofthe size requiredfor Cassinihas not beenfabricated
or tested under the conditions similar to those anticipated for the Cassinimission(JPL
1994a).
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The natural radiation environmentto which the spacecraftwould be exposedon a
missionto Saturnwill reducethe efficiency of solar cells relative to their performanceat
Earth. The Cassini mission includes a planned swingby of the planet Jupiter, where the

intensity of the radiation is greater than that of the Van Allen belts, due primarily to the

presence of a larger magnetic field around Jupiter than around the Earth. If solar cells are

to be considered potentially feasible for missions like Cassini, therefore, they must either

be adequately shielded from the radiation environment (new technologies that are more

radiation resistant be developed) or their significantly lower efficiencies accepted and

compensated for in the spacecraft design.

Solar cell performance, particularly for Si cells, is also affected by the combined

effects of low (insolation) intensity and low temperature (LILT) in a complex and

interactive relationship, the components of which are not completely understood. This

interaction results in an anomalous reduction in power output from the cells. The

phenomenon is so irregular and random that it is impossible to predict what the actual cell

performance distribution would be for any group of cells (Stella and Crotty 1987). LILT

effects have been estimated for distances up to 5 AU but there are almost no data to

characterize the effects for greater distances. LILT effects at Saturn have been

extrapolated from existing data. Unlike Si cells, the GaAs cells are not believed to be

affected by LILT to any significant degree, although recent limited testing at JPL suggests

that this may not be the case given conditions at Saturn (JPL 1994a).

In addition to environmentally induced cell performance degradation, other real

engineering problems, including the size and inertia of the solar array structures and

array/spacecraft integration issues, significantly limit the use of solar photovoltaic

technologies for long-duration interplanetary space missions such as Cassini. Spacecraft

integration issues include field-of-view (FOV) restrictions, extremely long spacecraft turn

times, and the potential for interference from electromagnetic and ionizing radiation. FOV

difficulties arise from the size of the arrays. The size is large enough to block out

significant portions of what the instruments see and necessitates more frequent spacecraft

turning. Difficulties are exacerbated by the extremely long turn times associated with

using large arrays. The array size (further increasing the initial mass) adds to the

spacecraft's inertia, making turning more difficult and propellant-intensive.

Electromagnetic and electrostatic interference can also be generated by large arrays when

the current in them fluctuates or a charge builds on nonconductive surfaces. This

interference could reduce the performance of scientific and communication equipment.

Solar-powered spacecraft also require battery-provided backup power during periods when

the solar arrays are not illuminated (eclipsed) and during maneuvers that would require the

arrays to be pointed away from the Sun.

Despite the limiting factors discussed and assuming the use of GaAs APSA

technology (for the Cassini mission, GaAs APSA is lighter than Si APSA for the same

power output), JPL developed and evaluated several designs of solar-powered spacecraft

to ascertain the array compatibility with Cassini's power and operational requirements (JPL

1994a). The designs sought to retain as much science as possible in accordance with the

mission's science objectives. In keeping with this goal, two major all-solar designs (and
several variants) were evaluated.
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In one design, the science instruments were mounted on turntables and scan
platforms so that the entire spacecraft would not have to turn to acquire data. The all-
solar Cassini design would use four wings, as shown in Figure 2-15, each five times the
size of a Hubble Space Telescope wing now operating in low Earth orbit. This design
allows the continued acquisition of high-resolution observations during the long (hour to
day) maneuvers necessary with large solar arrays. The deployment of such large, massive

spacecraft appendages would add considerable risk of failure to the mission compared
with using RTGs. In this case, the required solar array size was 598 m 2 (6,430 ft2). The
addition of this size array, in conjunction with the other modifications required to
implement solar power, increased the spacecraft dry mass by 1,337 kg (2,948 Ib). With
the mass of the propellants, the Huygens Probe, and the launch adapter, the total
spacecraft mass would increase to 7,228 kg (15,935 Ib), far exceeding the launch
capacity of the Titan IV (SRMU)/Centaur of 6,234 kg (13,743 Ib) for a trajectory to Saturn
(JPL 1994a).

Several variations of this design were further investigated in attempts to reduce the
mass of the solar arrays. The variants included a combination of RTGs and solar arrays,

concentrators to focus sunlight on the arrays, and solar propulsion technologies. All of
these designs were very complex and involved increased cost, elevated spacecraft failure

risk, and reduced science return. Each of these designs resulted in spacecraft too heavy
to be launched in a trajectory to Saturn, given current launch systems.

In the second design, the science instruments were fixed to the body of the
spacecraft (as currently designed for use with the RTGs) to reduce the overall mass and
the electrical power needed. This design would require that the entire spacecraft be
turned to aim the various instruments to acquire data. To further reduce the size of the
arrays, the power available to the science instruments was reduced by 50 percent.

2
Because of the large moment of inertia created by the large solar panels (397 m
[4,269 ft 2] and 585 kg [1,290 Ib]) (JPL 1994a), the time required to turn and maneuver

the spacecraft during its exploration of the Saturnian system would increase by a factor of
between 4 and 18 compared with the compact RTG-powered spacecraft. The resulting
impacts on the mission's science objectives would be serious and include increased times
for image mosaics, inadequate turn rates for fields and particles instruments, reduced
image resolution due to inadequate target motion compensation, loss of instrument
observation time during turns for communicating with Earth, and insufficient turn rates to
support radar observation of Titan's cloud-enshrouded surface. These effects on the

quality and quantity of the science return raise significant issues about whether the data
received would justify the expenditure and risk of this mission design.

This evaluation indicated that the second design would require arrays and other
modifications that would increase the spacecraft dry mass by 876 kg (1,931 Ib), resulting
in a total spacecraft mass (including propellants, the Huygens Probe, and launch adaptor)
of 6,293 kg (14,1001b). This mass would exceed the Titan IV (SRMU)/Centaur launch

capability by 59 kg (1301b). The launch vehicle mass constraints could be satisfied only
by disallowing the contingency propellant margins and reserves. Experience, however, has
repeatedly demonstrated that the margins and reserves are required for mission success
(JPL 1994a). Additionally, there are a number of technical problems associated with this
design that would require additional mass to correct, which would further exacerbate the
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mass problem. While this design comes close to meeting the launch weight restrictions,

the mission would fall short of the minimum science objectives that justify a mission to

Saturn.

A wide range of mission opportunities and spacecraft configurations with varying

levels of science return would fall between the two major spacecraft designs. The design

analyses and evaluations showed that additional science data coutd only be obtained at the

expense of spacecraft electric power subsystem mass.

In summary, an all-solar Cassini spacecraft is considered infeasible at this time

because no U.S. launch vehicle exists to launch the mass of even the lightest solar

configuration (the GaAs APSA) into the proper trajectory. The large arrays could also

generate severe electromagnetic and electrostatic interference, which could adversely

affect communications. If a heavy-lift booster and more energetic upper stages were

available, severe limitations on spacecraft maneuverability, instrument FOV constraints,

and programmatic risks would still make this configuration infeasible (JPL 1994a).

Fuels and Chemicals

Fuels and chemicals are effective means of storing energy that can be converted

directly into electricity in a battery, combusted in a fuel cell, or combusted to generate

heat to use with a number of energy conversion systems. These types of systems are

common on spacecraft. In principle, these power sources would eliminate the concerns

regarding a mission accident-related release of radioactive material into the environment.

However, the mass requirements of a power system based on fuels and chemicals for an

interplanetary mission, such as Cassini, would exceed the launch capacities of a Titan IV

(SRMU or SRM)/Centaur. For example, assuming a hydrogen and oxygen power system

(with the highest currently available energy-per-unit mass) and a 100 percent efficient

conversion system, a mass for the fuel and oxidizer of more than 12,000 kg (26,455 Ib)

would be required. This is four to six times the allocated dry launch mass of the Cassini

spacecraft. No launch vehicle is capable of launching such a large mass. Therefore,

power systems based on fuels and chemicals are not feasible for the Cassini mission (JPL

1994a).

Power Beaminq (Microwave and Laser) From Earth

Power beaming from Earth consists of generating and transmitting microwaves or

laser beams from Earth to a spacecraft, receiving or collecting the energy onboard, and

then converting the energy to electricity. The power requirements and the distance from

Earth to the spacecraft are primary drivers for this type of system. It is not possible,

however, to develop a laser beam power system to satisfy the 1997 Cassini launch date

with the current technology and available development time. The ability to deliver a

coherent, high-power laser light to such a small target, such as the Cassini spacecraft (out

to 9.3 AU), represents a long-term space technology development effort and, therefore, is
not available for the Cassini mission.
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2.7 COMPARISON OF MISSION ALTERNATIVES, INCLUDING THE PROPOSED ACTION

This section provides a summary comparison of the Proposed Action, including the
contingency launch opportunities, and the alternatives. The factors used for this
comparison are separated into environmental impacts for both a normal launch and those
involving an accident. Table 2-6 compares the environmental impacts from a normal
launch for the Proposed Action and the other alternatives. The impacts of the SRM-

equipped Titan IV for the Proposed Action are similar to those of the SRMU-equipped
Titan IV unless noted. Mission-specific considerations are summarized for all of the
alternatives in Section 2.8.

2.7.1 Environmental Impacts of the Proposed Action

2.7.1.1 Environmental Impacts of Preparing for Launch

Preparing for launch of the Cassini spacecraft involves many activities (e.g., launch
vehicle processing; integration of the Huygens Probe, RHUs, and RTGs; and fueling of the
spacecraft, the Titan IV launch vehicle, and the Centaur). These preparations would not
adversely affect the CCAS/KSC regional area. Section 4.1.1 provides a more detailed
discussion of the environmental impacts associated with launch preparations.

2.7.1.2 Environmental Impacts of a Normal Launch

Implementation of the primary launch opportunity in October 1997, secondary
launch opportunity in December 1997, or the backup launch opportunity in March 1999
could result in limited short-term air quality, noise, water quality, and biological impacts in

the immediate vicinity of the launch site. These impacts have been previously addressed
in other NEPA documents (USAF 1986, USAF 1988a, USAF 1988b, USAF 1990, NASA
1994) and would be associated with the routine launch operations of the SRMU or SRM
on the Titan IV booster. The potential environmental impacts resulting from a normal
launch were determined not to have a substantial adverse effect on CCAS workers or the

general population, either individually or cumulatively. Table 2-6 summarizes the
environmental impacts of a normal launch, and Section 4.1.2 provides a more detailed
discussion.

2.7.1.3 Environmental Impacts of Balance of Mission

The Cassini spacecraft, once injected into its interplanetary VVEJGA trajectory (or a
VEEGA for the secondary or backup launch opportunities), would have no adverse impact
on the human environment, given a normal trajectory. In addition, the delivery of the

Huygens Probe to Titan and the Cassini Saturnian tour would not affect the Earth's
environment. The Cassini program complies with NASA policy on planetary protection

(JPL 1990).
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2.7.1.4 Environmental Impacts and Consequences of Mission Accidents

Possible Nonradiolo.qical Impacts of a Mission Accident

The nonradiological impacts of the possible Titan IV accidents were addressed in
the Titan IV Environmental Assessments (USAF 1986, USAF 1988a, USAF 1990) and are
fundamentally similar to the Space Shuttle nonradiological accident impacts addressed in
the Shuttle Program EIS (NASA 1978), the Tier 1 Galileo and Ulysses missions EIS (NASA
1988b), and the Tier 2 EISs for Galileo (NASA 1989b) and Ulysses (NASA 1990)
missions. These accidents include on-pad propellant spills, fires, and explosions. In
addition, some accident scenarios could result in the inadvertem reentry of the Cassini
spacecraft into the Earth's atmosphere from parking orbit or during an Earth swingby.
Should either of these reentry scenarios occur, it is expected that the spacecraft would
break up and the remaining liquid propellants onboard would burn and/or disperse in the
atmosphere. The propellants would not reach the Earth in concentrations sufficient to

affect ambient air quality. Section 4.1.4 provides a more detailed discussion of the
potential nonradiological impacts of a mission accident.

Possible Radioloqical Impacts and Consequences of Mission Accidents

DOE has conducted safety testing and analyses to determine the response of the
RTGs and RHUsto postulated accidents, and the consequences of accidents. DOE has
designed the GPHS-RTG assembly to ensure that the fuel is contained to the maximum

extent practical. RTG and RHU responses to a broad range of accident conditions and
estimates of the radiological consequences, if any, of an accident can be predicted. The
results of the current accident analyses (Martin Marietta Astro Space 1993, Halliburton
NUS 1994a) used to support evaluations for this EIS are presented in Section 4.1.5. DOE
will perform additional safety analyses for the Cassini mission and document the results in
Final Safety Analysis Reports.

For the Proposed Action (October 1997 primary, December 1997 secondary and
the March 1999 backup launch opportunities), analyses indicate that while the
consequences of a release could range from small to substantial, the probability of an
accident occurring that could release plutonium dioxide fuel is extremely small (see
Section 4.1.5.3 of this EIS for more detail).

The regional and global areas of the environment, defined in Section 3, could be
affected by a release of plutonium dioxide fuel. The regional area, including the six-
county region surrounding CCAS and KSC, could be impacted by a Phase 1 accident. The
global area (areas elsewhere around the world) could be potentially impacted by accidents
identified in Phases 5, 6, or by an inadvertent reentry during an Earth swingby.

Although most potential accidents would result in the loss of the launch vehicle

and/or Cassini spacecraft, most accidents would not result in a release of the plutonium
dioxide fuel to the environment (Martin Marietta 1992, Martin Marietta Astro Space 1993).
However, four specific accident scenarios were identified as representative of the
categories of failures that could cause a release of plutonium dioxide fuel from the GPHS
modules at ground level within the post-accident plume during mission launch Phases 1

2-62



through 6: 1) CommandShutdown and Destruct, 2) Titan IV (SRMU)Fail-to-Ignite,
3) CentaurTank Failure/Collapse,and 4) Inadvertent ReentryFromEarth Orbit (Martin
Marietta Astro Space 1993). Accident scenariosleadingto launchvehiclepropellant
explosionscould subject the RTGsto accident environments,such as blast overpressures,
solidor liquid propellantfires, and high-velocity fragments. In addition, two postulated
accidentscenariosassociatedwith the interplanetarycruise portion of the VVEJGAand
VEEGAtrajectorieshave beendefined. The short-terminadvertent reentry scenario
involves the reentry of the spacecraft into the Earth's atmosphereduring a plannedEarth
swingby. The long-terminadvertent reentry scenario involvesa spacecraft failure that
leavesit drifting in an Earth-crossingorbit around the Sun and potentially reenteringthe
Earth's atmosphereadecadeto millennialater. NASA is designingthe Cassini mission and
spacecraft to ensure, to the maximum extent practical, that an inadvertent reentry
accident does not occur.

The potential for radiological impact to the affected area depends on the mission
phase/scenario combination, the probability of the accident occurring with a fuel release,
the amount of fuel released (i.e., source term), and the radiological consequences of the
release. Radiological consequences can be expressed as the collective dose, health effects
(i.e., excess latent cancer fatalities), individual dose, or land contamination. Health effects
can be considered with or without de minimis. The concept of de minimis assumes that
doses of less than 1 x 10 -5 Sv/yr (1 x 10 -3 rem/yr) do not result in any health effects and,
therefore, are not included in the health effects calculations.

Although radiological consequences can be used to predict doses to an individual or
exposed population, risk is another useful assessment. A health effects risk assessment
was performed specifically for the Cassini mission to quantify the consequences that could
result from a radiological accident (Halliburton NUS 1994a, Halliburton NUS 1994b). Risk

is presented in Tables 2-7 and 2-8 as average individual risk and in Table 2-9 as health
effects mission risk. The average individual risk due to a given accident scenario
represents the probability that any given individual within the exposed population group
would develop a latent cancer fatality as a result of that accident scenario. The health
effects mission risk contribution of a given accident scenario is defined as a probability-
weighted health effect as adirect result of that accident scenario. Table 2-7 identifies the
impacts from the accident scenario that dominates the average individual risk of acquiring
a health effect within the regional area, assuming that a radiological accident has occurred
during a launch phase. Table 2-8 summarizes the radiological impacts for an inadvertent
reentry during an Earth swingby.

Table 2-9 compares the health effects mission risk as a result of implementation of
each of the alternatives. For clarity, the total health effects mission risk is separated into
the risks associated with the launch, the Earth swingby(s) during the interplanetary
trajectory, and the combined risks of the launch phases and swingby portion of the
mission. Section 4.1.8 presents adetailed risk assessment. The health and environmental
risks associated with plutonium (mainly Pu-238) dioxide are addressed in the Galileo and
Ulysses EISs (NASA 1989b, NASA 1990) and in Appendix C of this EIS.

2.7.2 Environmental Impacts of the 1999 Mission Alternative

A Shuttle launch generally results in limited short-term air, water, and biological
impacts in the immediate vicinity of the launch site. These impacts have been addressed
in detail in other NEPA documents (NASA 1978, NASA 1986, NASA 1989b, NASA 1990)
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and are associatedwith the routine launchoperations of the Shuttle. Since this mission
alternativewould involve two Shuttle launchesduringa periodof 21 and 51 days, the
associatedlaunch impacts would occur twice.

2.7.2.1 EnvironmentalImpacts of Preparingfor Launch

Preparingfor a Shuttle launchof the Cassinispacecraftwould involve several
activities, including the integration of the HuygensProbe,RTGs,and RHUsand fueling of
the spacecraft, the Shuttle, and its external tank. Thesepreparationswould not adversely
affect the CCAS/KSCregionalarea.

2.7.2.2 EnvironmentalImpacts of a Normal Launch

The environmental impacts associated with a normal launch of the Shuttle,
addressed in detail in several NEPA documents (NASA 1978, NASA 1986, NASA 1989b,
NASA 1990) and the KSC Environment Resources Document (NASA 1994) are

summarized in Table 2-6, given previously.

2.7.2.3 Environmental Impacts of Balance of Mission

The environmental impacts of balance of mission for the 1999 mission alternative
would be similar to those of the Proposed Action. See Section 2.7.1.3.

2.7.2.4 Environmental Impacts and Consequences of Mission Accidents

Possible Nonradiological Impacts of a Mission Accident

The nonradiological impacts of the possible Space Shuttle accidents were
addressed in the Shuttle Program EIS (NASA 1978), the Tier 1 Galileo and Ulysses
missions EIS (NASA 1988b), and the Tier 2 ElSs for Galileo (NASA 1989b) and Ulysses
(NASA 1990) missions. These accidents include on-pad propellant spills, fires, and
explosions. In addition, some accident scenarios could result in the inadvertent reentry of
the Cassini spacecraft into the Earth's atmosphere from parking orbit or during an Earth
swingby. Should either of these reentry scenarios occur, it is expected that the spacecraft
would break up and the remaining liquid propellants onboard would burn and/or disperse in
the atmosphere. The propellants would not reach the Earth in concentrations sufficient to
affect ambient air quality. Section 4.2.4 provides a more detailed discussion of the
potential nonradiological impacts to the environment from a mission accident.

Possible Radiological Impacts and Consequences of Mission Accidents

The results of the current accident analyses (Halliburton NUS 1994b, Martin
Marietta Astro Space 1994b) used to support evaluations for this EIS are presented in
Section 4.2.5. DOE will perform additional analyses for the Cassini mission, and will
document the results in Final Safety Analysis Reports.

For the 1999 mission alternative, while the consequences of a release could range
from small to substantial, analyses indicate that the likelihood of an accident occurring that
could release plutonium dioxide fuel is extremely small. In the event of an accident, the
regional and global areas of the environment, defined in Section 3, could be affected by a

release of plutonium dioxide fuel. The regional area, including the six-county region
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surrounding CCAS/KSC, could be impacted by a Phase 1 accident. Indeterminate locations
within the global area could be potentially impacted by accidents in the higher altitude
portions of Phase 1 and Phases 2 through 4, as well as by an accident occurring as a
result of an inadvertent reentry.

Although most potential accidents would result in the loss of the launch vehicle
and/or Cassini spacecraft, most accidents would not result in a release of the plutonium
dioxide fuel to the environment. However, several specific accident scenarios were
identified from these previous analyses that could cause a release of plutonium dioxide fuel
from the GPHS modules during Shuttle launch Phases 1 through 4. In addition, the two
inadvertent reentry scenarios identified for the Proposed Action would also be associated
with the 1999 mission alternative.

Using the same methodology as for the Titan IV (SRMU), the potential extent of
radiological impact to the affected area was estimated for the 1999 mission alternative.
Details of the radiological impacts are given in Section 4.2.5. Table 2-7, given previously,
identifies the impacts that would dominate the average individual risk of acquiring a health
effect within the affected area, assuming that a radiological accident had occurred during a
launch phase. Table 2-8, also given previously, summarizes the radiological impacts for
the short-term inadvertent reentry. As with the Proposed Action, a risk assessment was
specifically conducted for the 1999 mission alternative to quantify the degree of
consequence that could result from a radiological accident (Halliburton NUS 1994b, Martin
Marietta Astro Space 1994b). Table 2-9, given previously, presents the health effects
mission risk.

2.7.3 Environmental Impacts of the 2001 Mission Alternative

The impacts from preparation for and implementation of a normal launch of the
Cassini spacecraft during the 2001 mission alternative on a VVVGA trajectory would be
similar to those of the Proposed Action using the Titan IV (SRMU)/Centaur. The SRM-
equipped Titan IV does not have the capability to insert the spacecraft into a VVVGA
trajectory. The 2001 primary launch opportunity would essentially use identical
components (i.e., Titan IV (SRMU)/Centaur and electrical power source) as those used for
the Proposed Action, described in Section 4.1. The spacecraft would use larger propellant
tanks, however, to accommodate the additional propellant required to complete the
mission using the VVVGA trajectory and a specially designed rhenium engine for
spacecraft propulsion. This alternative would require the spacecraft to execute three

gravity-assist swingbys of the planet Venus.

Launch accident scenarios, environments, and radiological consequences for the
primary opportunity would be similar to those for Phases 1 through 6 of the Proposed
Action (see Sections 4.1.5 through 4.1.9). The accident environments created by a
potential explosion of the additional propellant would be no more severe than those
estimated for the representative accident scenarios discussed previously (JPL 1993b). In
addition, the mission trajectory would not use the Earth for a gravity-assist, thereby
eliminating the potential for an inadvertent short-term reentry. However, should the
spacecraft become uncommandable anytime after injection into its interplanetary trajectory
and before the SOl, the probability of a long-term reentry would exist. The long-term
reentry conditions would be assumed to be similar to the short-term inadvertent reentry
conditions described for the Proposed Action.
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Becausethere is no non-Earth-Gravity-Assistbackup launchopportunity for the
2001 non-EGAtrajectory (i.e., VVVGA), the backupopportunity would employ a VEEGA
trajectory. Tables 2-7 through 2-9, previouslygiven, presentthe potential radiological
impacts associatedwith launchphaseaccidents,potential radiologicalimpacts associated
with the short-term inadvertent reentry accident scenario (for the backupopportunity), and
health effects mission risk, respectively.

As with all launchopportunities, a long-term inadvertent reentry could also result in
health effects risks. These risks arenot known but the probability is expectedto be very
low and the risks are expectedto be similar to those for the short-term inadvertent reentry
for the ProposedAction.

2.7.4 Environmental Impacts of the No-Action Alternative

The No-Action alternative would not cause any adverse health or environmental
impacts.

2.7.5 Scope and Timin.q of Mission Science Return

The Proposed Action would accomplish NASA's scientific objectives for the Cassini
mission's study of Saturn, its atmosphere, moons, rings, and magnetosphere. Launch of
Cassini in October 1997 (the Proposed Action primary launch opportunity) would result in
the earliest collection of these scientific data at a most optimum time (in 2004) because
the spacecraft would arrive at Saturn when the rings would have a scientifically favorable
tilt toward the Sun and the Earth. The secondary launch opportunity would afford a
similar science profile but would be limited by poorer ring geometry. The science return
would be delayed 2 years compared with the primary launch. The 1999 backup launch
opportunity would accomplish essentially the same science objectives, with some
reduction of ring science. The backup launch opportunity would delay the science return
by 4 years.

The 1999 mission alternative using the dual Shuttle launches would be able to
obtain similar levels of science objectives and science return as either the secondary or
backup launch opportunities of the Proposed Action.

The 2001 mission alternative would result in a later arrival date at Saturn, when

Saturn's rings would be seen nearly edge-on from Earth and with lower solar illumination,
thereby limiting the use of radio and optical science experiments during the Saturnian tour.
The number of Titan flybys would have to be reduced significantly from 35 to 21, and the

SOl burn delay would have to be eliminated, substantially decreasing the close-in ring
science. Therefore, the overall science return would be reduced from the return of the

Proposed Action. In addition, the spacecraft would be older at the onset of the science
phase, increasing the probability of spacecraft failure due to aged components. Limitations
with propellant and electrical power margins would reduce the science return associated
with this alternative compared with the Proposed Action.

The No-Action alternative would not yield any of the anticipated science data on

Saturn and its environment, thereby effectively preventing NASA, ESA, and ASl from
achieving their solar system exploration objectives. Although new technological advances
(e.g., solid-state recorders, an innovative solid-state power switch, and gyros) have been
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made during the development of Cassini, the scientific investigations of the American and

international scientists who have contributed to the development of the Cassini spacecraft

and its experiments would be terminated. In addition, this alternative would terminate the

international agreements to develop Cassini, disrupt and strain the relationships for other

space-related projects, and hinder the future formation of other international science and

engineering teams. Cassini's U.S.-European partnership is an example of an undertaking

whose scope and cost would not likely be borne by any single nation, but is made possible

through the shared investment and participation. Failure to undertake the mission would

discourage other similar international partnerships for large peaceful efforts.

2.7.6 Launch Schedules and Availability of Launch Vehicle

Consistent with planning for the Proposed Action, the Cassini mission would be

scheduled for flight to Saturn and its environs using the Titan IV (SRMU or SRM)/Centaur

in October 1997 from Launch Complex 40 or 41 at CCAS. If NASA could not launch

Cassini in October of 1997, the contingency launch opportunities (secondary in December

1997 and the backup in March 1999) would then be considered. Depending on the nature

of the delay, launch facility schedules, mission budgets, and the cooperation of the foreign

partners, the Cassini mission would then be rescheduled and launched on either the

secondary or backup opportunities on the Titan IV (SRMU or SRM)/Centaur. Similarly,

schedules would be developed, if necessary, for the 1999 and 2001 mission alternatives.

2.7.7 Availability of Facility and Personnel

To implement the Proposed Action, NASA anticipates that all required NASA, ESA,

and ASI scientific and engineering facilities and personnel (including contractors and

subcontractors) would be available to support the mission's launch in October 1997 from

CCAS. NASA's Deep Space Network is preparing to meet the tracking and data relay

requirements of the mission.

The 1999 mission alternative on the Shuttle would require retaining the program

personnel and facilities for approximately 2 years, as well as securing new personnel and

launch services for the Shuttle. Moreover, the delay of this mission could disrupt and

possibly strain the international partnerships formed to develop the Cassini Orbiter, the

Huygens Probe, and other space-related projects.

A launch of the 2001 mission alternative would require retaining the program

personnel and facilities for approximately 4years. Some of the mission's expert personnel

could be lost during this period. Moreover, the delay of this mission would disrupt and

possibly strain the international partnerships.

The selection of the No-Action alternative would terminate the existing U.S. and

foreign engineering and scientific services, and important expertise could be irretrievably
lost.

2.8 SUMMARY

This section summarizes the mission-specific considerations for the Proposed

Action and alternatives. Table 2-10 provides a summary comparison of these
considerations.
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Launching the Cassini spacecraft and delivery of the Huygens Probe during the
Proposed Action's October 1997 primary launch opportunity or during one of the
contingency opportunities would enable scientists to acquire extensive new information
about the planet Saturn, its atmosphere, moons, rings and magnetosphere. This 4-year
science tour of Saturn and its environs would be an opportunity to gain significant
insights, both planned and unplanned, into major scientific questions about the creation of
the solar system and the conditions that led to life on Earth, in addition to a host of
questions specific to the Saturnian system.

Among the scientific goals, the Huygens Probe would collect data on Saturn's
largest moon, Titan. The Probe, developed by ESAspecifically for the Cassini mission,
would descend by parachute through Titan's atmosphere. The instruments mounted on
the Probe would directly sample the atmosphere to determine its composition. Once on
the surface, the Probe would gather data on the surface composition and landscape and
transmit the information to the Cassini Orbiter.

Cassini would also study Saturn's rings, continuing the science efforts begun by the
Voyager mission. Long-term closeup observations of the rings by Cassini could help
resolve unexplained phenomena, such as the various wave patterns, small and large gaps,
clumping of material, and small "moonlets" embedded in the rings.

The Proposed Action represents the combination of spacecraft power system,
launch vehicle configuration, and trajectory that would best satisfy all of the mission
science objectives. The spacecraft's electrical power would be provided by three RTGs.
For the primary opportunity, a Titan IV (SRMU or SRM)/Centaur would launch the Cassini
spacecraft from CCAS into a VVEJGA trajectory to arrive at Saturn in 2004. If NASA

could not launch Cassini during the primary opportunity, contingency launch opportunities
in either December 1997 or March 1999 have been identified. The December 1997

secondary launch opportunity would place Cassini on an 8.8-year VEEGA trajectory,
arriving at Saturn in 2006; the March 1999 backup launch opportunity would place Cassini
on a 9.8-year VEEGAtrajectory, arriving at Saturn in 2008. In the event that the Titan IV
(SRMU)/Centaur were not available, a Titan IV (SRM)/Centaur would be used. The
primary, secondary, and backup opportunities would remain the same.

The Titan IV (SRMU)/Centaur and the Titan IV (SRM)/Centaur are the only feasible
U.S. launch vehicle configurations to meet the October 1997 launch opportunity. The
RTG technology is the only power system currently available that meets all the
requirements for the mission. Although the potential use of solar power was evaluated, it

was not considered feasible at this time because of the large mass that would be required
for the solar array. The large mass and dimensions of the array combined with the mass
of the Cassini spacecraft would exceed the launch capabilities of the Titan IV
(SRMU)/Centaur. In addition, the array size would impose severe limitations on spacecraft
maneuverability, constrain instruments field-of-view, and increase the risk of

electromagnetic and electrostatic interference impeding the performance of
communications equipment.

Therefore, the Proposed Action has the greatest potential to accomplish the mission

and its scientific objectives. It could be accomplished in a timely manner without a major
disruption of the NASA, ESA, and ASI scientific programs. Alaunch during the Proposed
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Action's contingency opportunities would result in reduced science return compared with

the primary launch opportunity. In addition, the contingency opportunities would delay the

science return (i.e., 2 years for the secondary opportunity and 4 years for the backup

opportunity). This would entail additional costs to NASA and its international partners.

The alternatives to the Proposed Action are the 1999 mission alternative, the 2001

mission alternative, and the No-Action alternative. The 1999 mission alternative would

involve dual Shuttle launches from KSC to deliver the upper stages and the Cassini

spacecraft into low Earth orbit. An on-orbit mating of the spacecraft and upper stages

would be performed by astronauts, followed by spacecraft injection into its VEEGA

interplanetary trajectory. The configuration of the upper stages is currently undefined.

The backup launch opportunity for this mission would occur in August 2000 using a

VEEGAtrajectory. The 1999 mission alternative would obtain less science return than the

1997 primary launch opportunity of the Proposed Action.

The 2001 mission alternative would involve a launch from CCAS on a Titan IV

(SRMU)/Centaur in March 2001 using a VVVGA (non-Earth gravity-assist) trajectory. The

backup launch opportunity would insert the spacecraft into a VEEGA trajectory using a

Titan IV (SRMU)/Centaur launch from CCAS in May 2002. This alternative would result in

a reduced science return from the primary launch opportunity of the Proposed Action due

to the measures that would be taken to enable a launch on the Titan IV (SRMU)/Centaur

(i.e., a reduction in the number of Titan flybys from 35 to 21, elimination of the SOl burn

delay, and an extension of the initial orbit period}. The spacecraft's data gathering

activities at Saturn would be restricted to conserve the marginal quantity of propellant

available.

The No-Action alternative would cancel the mission, forfeiting the opportunity to

acquire significant mission-specific scientific data, which cannot be obtained by any other

means. Cancellation of the Cassini mission would also terminate the international

partnerships formed to develop the Cassini Orbiter and the Huygens Probe and would

disrupt agreements made for other space-related projects.
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3. AFFECTEDENVIRONMENT

This section addresses the elements of the environment that could potentially be
affected by the Proposed Action and the alternatives. The section is divided into two
major areas: 1) the regional area, including the six-county region surrounding Cape
Canaveral Air Station (CCAS) (formerly Cape Canaveral Air Force Station [CCAFS]) arid
Kennedy Space Center (KSC) and 2) the global area. A brief discussion of plutonium levels
in the global environment is included to provide a perspective of the types, sources, and
levels of plutonium that exist in the environment on a broad scale.

The affected environment has been discussed in detail in previous (Tier 2)
Environmental Impact Statements (EISs) for the Galileo (NASA 1989b) and Ulysses
missions (NASA 1990). Much of the material has been updated for this document with
sources such as the October 1994 Kennedy Space Center Environmental Resource
Document (NASA 1994). Additional information, including information specific to CCAS,
was taken from the Air Force Environmental Assessment for the Titan IV/Solid Rocket

Motor Upgrade Program (USAF 1990).

3.1 REGIONAL AREA

For the purpose of this document, the region of interest consists of the six
counties--Volusia, Seminole, Lake, Orange, Osceola, and Brevard counties--shown in
Figure 3-1.

CCAS is located on the east coast of Florida in Brevard County near the city of
Cocoa Beach, approximately 24 km (15 mi) north of Patrick Air Force Base. The station is
adjacent to the NASA KSC, Merritt Island, Florida. The station is bounded by KSC on the
north, the Atlantic Ocean on the east, the city of Cape Canaveral on the south, and the
Banana River and KSC/Merritt Island National Wildlife Refuge on the west. KSC is located

in the northeast coastal section of Brevard County, Florida and the southern part of
Volusia County, Florida. It is bounded on the north by uninhabited marsh land, on the east
by the Atlantic Ocean, on the south by CCAS and on the west by the shallow tidal Indian
River. Figure 3-2 illustrates the location of CCAS and KSC relative to Brevard and Volusia
Counties.

3.1.1 Land Use

About 8 percent (132,742 ha; 328,000 acres) of the total region (1.7 million ha;
4.1 million acres) is urbanized (ECFRPC 1992a), with the largest concentrations of people

occurring in three metropolitan areas: 1) Orlando in Orange County, with expansions into
the Lake Mary and Sanford areas of Seminole County to the north and into the Kissimmee
and St. Cloud areas of Osceola County to the south, 2) the coastal area of Volusia County,
including Daytona Beach, Port Orange, Ormond Beach, and New Smyrna Beach, and
3) along the Indian River Lagoon and coastal area of Brevard County, specifically the cities
of Titusville, Melbourne, and Palm Bay. Approximately 85 percent of the region's
population lives in urban areas.
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The majority of the region is considered rural, which includes agricultural lands and
associated trade and service areas, conservation and recreation lands, and undeveloped
areas. Agricultural areas include citrus groves, winter vegetable farms, pasture land and
livestock, foliage nurseries, sod farms, and dairy land. With more than 5,000 farms,
nurseries, and ranches in the region, about 35 percent (566,580 ha; 1.4 million acres) of
the regional area is devoted to agriculture.

Conservation and recreation lands account for almost 25 percent of the total
acreage in the region, or slightly more than 404,700 ha (1 million acres) (ECFRPC
Undated-a). The region also contains about 2,185 ha (5,400 acres) of saltwater beaches
and more than 80 acres of archaeological and historic sites (DOI 1991). Numerous areas
within the region have special status land use designations. These include a portion of the
Ocala National Forest, the Canaveral National Seashore adjacent to KSC, five State
preserves or reserves, seven State wildlife management areas, and three national wildlife
refuges, including the Merritt Island National Wildlife Refuge at KSC.

CCAS

CCAS occupies approximately 6,394 ha (15,800 acres) (roughly 64.75 km 2 or
25 mi 2) of the barrier island that also contains the city of Cape Canaveral (see Figure 3-3).
Approximately 1,880 ha (4,700 acres) or 30 percent of the station is developed,
consisting of more than 40 launch complexes and support facilities, many of which have
been dismantled or deactivated (USAF 1990). The remaining 70 percent (about 4,440 ha;
11,100acres) is unimproved land (USAF 1990). The Titan IV Launch Complexes 40
and 41 are located in the northernmost section of CCAS. Launch Complex 40 has been
operational since 1964. Launch Complex 41 was previously used from 1964to 1977 for
test flights of the Titan IliA and Titan IIIC. Subsequently, it was reactivated in 1986 and
renovated to support Titan IV launches (USAF 1990).

Launch Complex 40 and 41 (see Figure 3-4) each consist of a launch pad, Mobile
Service Tower (MST), Umbilical Tower (UT), Aerospace Ground Equipment (AGE) building,
air conditioning shelter, gas storage area, propellant holding areas, and miscellaneous
service facilities. Launch Complex 41, as well as Launch Complex 40 to the southeast,
has been strengthened and upgraded to accommodate Titan IV launches using the larger
and more powerful solid rocket motor upgrade (SRMU) (USAF 1990).

The launch pad is a concrete deck with fixed foundations to support the launch
transporter with the mounted Titan IV/Centaur launch vehicle, the MST, and the UT
(Martin Marietta 1992). The launch pad deck is 7 m (23 ft) above mean sea level and

approximately 4.3 m (14 ft) above the surrounding complex finish grade. Rails for the
MST and transporter are nested flush with the deck surface.

A concrete exhaust duct with an opening of 5.5 to 17.7 m (18 to 58 ft), an integral
part of the launch pad, deflects solid rocket motor exhaust gases away from the launch

pad to reduce the noise (acoustic) and shock wave (overpressure) that result from ignition
of the solid rocket motors. The launch complex includes a water deluge system and an

overpressure suppression system, which sprays high-pressure water directly into the solid
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rocket motor upgrade (SRMU) exhaust plume to reduce acoustic loads on the vehicle and
the overpressure from the SRMUs.

The MST provides facilities for mating the Centaur and the spacecraft to the
Titan IV and for servicing and inspecting the complete integrated flight vehicle. Just prior
to launch, the MST is moved from its service position to its park position, north of the

launch pad.

The UT is a steel-frame structure anchored to the launch pad that extends

approximately 52 m (17Oft) above the top of the launch pad. It provides connections for
propellants, pressurization gases, and conditioned air to both the launch vehicle and to the
payload fairing. Installations on the tower accommodate both manual and launch-
disconnected umbilicals.

The AGE building is a two-story, reinforced concrete structure located between the
MST rails and adjacent to the launch pad. The upper level (first level or levelA) houses
the two Titan AGE vans and has provisions for two additional vans for either the Centaur
or spacecraft AGE. The lower level (second level or level B) contains a rack room and a
facility power and air conditioning equipment room, as well as the propellant transfer and
pressurization control set, used to control and monitor propellant loading, unloading, and
tank pressurization. The building is constructed to withstand exposure to the thermal and
acoustical environment produced by the vehicle engine exhaust and is maintained at an air

pressure above atmospheric pressure to reduce the possibility of equipment contamination
in the building. To ensure a source of uncontaminated air, there are two interchangeable
intakes, one located approximately 152 m (500 ft) north and the other approximately
152 m (500 ft) south of the building.

The gas storage area contains storage vessels for high-pressure nitrogen and
helium. Separate holding areas contain facilities to store, transfer, and unload propellants
for the launch vehicle (unsymmetrical dimethylhydrazine and nitrogen tetroxide) and for the

Centaur (liquid hydrogen and liquid oxygen).

A lightning mitigation system has been constructed at both Launch Complexes 40
and 41. This system consists of four towers located at the four corners of the launch pad
wired to ground lightning flashes. The towers are more than 91.5 m (300ft) talland will
secure the area for continued pad activities when thunderstorms are in the area.

KSC

KSC occupies approximately 56,452 ha (139,490 acres) (see Figure 3-5).
Approximately 2,148 ha (5,308 acres) or 4 percent of the Center is developed, of which
2,406 ha (5,945 acres) is under NASA operational control. The remaining 54,303 ha
(134,182 acres) is undeveloped land (NASA 1994). Nearly 40 percent of KSC consists of
open water areas. The Shuttle Launch Complexes 39Aand 39B are located in the
northeast portion of KSC. Launch Complexes 39Aand B have been operational since the
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1970s and consist of facilities to support launch of the Shuttle (i.e., Space Transportation
System [STS]). Figure 3-6 illustrates the layout of Launch Complexes 39A and 39B.

KSC is the major NASA installation for launch operations and related programs in
support of manned space missions. Present and near-future mission plans call for the
launching of manned vehicles into low Earth orbit for conducting scientific

experimentation. To accomplish these goals, the Shuttle provides the capability to support
a wide range of scientific applications (NASA 1994).

3.1.2 Atmospheric Environment

The structure of the atmosphere can be classified in a number of ways, using either
temperature, density, or chemical composition. From the standpoint of the dispersion of
atmospheric pollutants, however, a temperature classification scheme is most important.
Essentially, the Cassini launch would cause its greatest potential environmental impacts in
the lower layers of the atmosphere: the troposphere and the stratosphere. The primary
concerns associated with the troposphere are potential violations of the National Ambient
Air Quality Standards (NAAQS) developed under the Clean Air Act (CAA) by the U.S.

Environmental Protection Agency (EPA) and global warming issues. The principal concern
within the stratosphere is ozone depletion.

3.1.2.1 Atmospheric Layers

The troposphere is the atmospheric layer closest to the Earth's surface. All life

exists and virtually all weather occurs within this layer. Additionally, this layer accounts
for more than 80 percent of the mass and essentially all of the water vapor, clouds, and
precipitation contained in the Earth's atmosphere. The troposphere varies from an altitude
of 10 km (32,808 ft) at the poles to 15 km (49,200 ft) at the equator. In this layer, the
temperature decreases with height at the nominal rate of approximately 6.5°C/kin (about
3.57°F/1,000 ft). In addition, vertical convection tends to maintain a well-mixed

atmospheric environment in this layer; however, stagnations do occur. As a result of the
mixing and scavenging by precipitation, the mean residence time for tropospheric aerosols

is short (ranging from a few days to a few weeks). The troposphere and the stratosphere
are separated by a narrow region called the tropopause.

The stratosphere extends from the tropopause up to an altitude of approximately
50 km (164,050 ft). In general, vertical mixing is limited within the stratosphere,

providing little transport between the layers above and below. Thus, the relatively dry,
ozone-rich stratospheric air does not easily mix with the lower, moist ozone-poor
tropospheric air. In addition, the lack of vertical mixing and exchange between
atmospheric layers provides for extremely long residence times, allowing the stratosphere
to often act as a "reservoir" for certain types of atmospheric pollution. The temperature is

relatively constant in the lower stratosphere and gradually increases with altitude, reaching
approximately 3°C (37.5°F) at the top of the layer. The temperature increase is caused
primarily to the adsorption of short-wave radiation by ozone molecules.
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3.1.2.2 Meteorology

The climate of the region is subtropical with two definite seasons: long, warm,
humid summers and short, mild, and dry winters (NASA 1994). Rainfall amounts vary
both seasonally and yearly. The average rainfall is about 130 cm (51 in.), with about
70 percent falling during the wet season (May to October). These rainfall fluctuations
result in frequent, although usually not severe, episodes of flooding and drought. The
temperature is more constant than precipitation; prolonged cold spells and heat waves are
rare. Tropical storms, tropical depressions, and hurricanes, all of which can produce large
amounts of rainfall and high winds, occasionally strike the region. Hail falls occasionally
during thunderstorms, but hailstones are usually small and seldom cause much damage.
Snow is rare.

Figure 3-7 provides wind roses indicating the seasonal wind directions at CCAS and
KSC. The winds in September through November occur predominantly from the east to
northeast. Winds typically occur from the north to northwest in December through
February; from the southeast in March through May and from the south in June through

August. Sea breeze (onshore winds) and land breeze (offshore winds) phenomena occur
commonly over a 24-hour day due to unequal solar heating of the air over land and ocean.
Land breeze (toward the sea) occurs at night when air over land has cooled to a lower

temperature than that over the sea; sea breeze (toward the land) occurs during the day
when air temperatures are lower over the sea. Temperature inversions occur infrequently

(approximately 2 percent of the time).

Tornadoes may occur but are rare. The U.S. Air Force (USAF 1986) cited a study
that concluded that the probability of a tornado hitting a point within the Cape Canaveral

area in any given year is 0.00074, with a return frequency of approximately once every
1,300 years. Tornadoes are rare and damage has been minimal (NASA 1994).

Tropical depressions and hurricanes occur mainly in the months of August through
November in Florida. Less than 30 hurricanes have passed within 185 km (100 nautical
miles) of the CCAS regional area since 1887 (NASA 1994). Hurricane David (which
paralleled the coast in September 1981), Hurricane Hugo (September 1989), and Hurricane
Andrew (August 1992) were the last hurricanes to affect the CCAS/KSC area.

Eighty percent of the thunderstorms occurring in this area occur from May through
September, with a maximum of 16 thunderstorm days on average in July (NASA 1994).
Lightning detection systems indicate that on the average there are 1,400 cloud to ground
strikes per month in the summer months within the 350 km 2 (135 mi 2) KSC area
(Bionetics Corporation 1990).

3.1.2.3 Air Quality

Air quality at CCAS is considered good, primarily because of the distance of the
station from major sources of pollution. There are no Class I or nonattainment areas for
NAAQS criteria pollutants (i.e., ozone, nitrogen oxides, sulfur dioxide, lead, carbon
monoxide, and particulates) within about 96 km (60 mi) of CCAS. Orange County, to the
west of CCAS, was a nonattainment area for ozone until 1987 when it was redesignated
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as an ozone attainment area (NASA 1994). Orange County is currently designated as an
air quality maintenance area (State of Florida 1991a). Under Section 176(c) of the CAA,
the general conformity rules require a Federal action to conform to the applicable State
Implementation Plan. The general conformity rules apply tononattainment areas and to
maintenance areas (e.g., Orange County). BecauseBrevard County, CCAS/KSC and its
vicinity are considered to be "in attainment" or "unclassifiable" with respect to NAAQS for
criteria pollutants (USAF 1990), these rules do not apply to CCAS/KSC or to the Cassini
mission.

Ambient air quality at KSC is monitored by a single permanent air monitoring station
(PAMS) (Busaccaet al. 1991). The PAMSislocated approximately 0.4 km (0.25 mi)
southeast of the Environmental Health Facility (Building L7-1557). Six exceedances of the
standard were observed at the PAMS site since 1988 (NASA 1994). Historically, ozone

levels can reach peak concentrations during any of the spring and fall months (Busacca et
al. 1991). Table 3-1 provides ambient air quality data for 1993.

3.1.3 Noise

Monitoring of ambient noise levels at CCAS has not been performed (USAF 1990).
The 24-hour average ambient noise level at KSC is appreciably lower than the EPA
recommended upper level of 70 decibels (dBA). This is on a scale ranging from
approximately 10 dBA for the rustling of grass or leaves to 115 dBA, the unprotected
hearing upper limit for exposure on a missile or space launch. The backwoods and
National Wildlife Refuge areas of KSC are exposed to relatively low ambient noise levels, in
the range of 35 to 40 dBA (NASA 1994).

Noise generated at CCAS, however, is expected to include sources from day-to-day
operations, launches of space vehicles, industrial operations, construction, aircraft
operating in the vicinity, boats, and vehicular traffic. The noise caused by the day-to-day
operations at CCAS and KSC probably approximates that of any urban industrial area
reaching levels of 60 to 80 dBA (USAF 1990). The launch of a space vehicle generates
intense, but relatively short-duration noise levels at low frequencies. At the launch pad,
the maximum sound pressure can exceed 160 dBA (NASA 1994). Peak noise levels from
industrial and construction activities from mechanical equipment, such as diesel

locomotives, cranes, and rail cars, could range from approximately 89 to 111 dBA.
Vehicular traffic noise ranges from 85 dBA for a passenger automobile to 110 dBA for a
motorcycle (NASA 1994). (As enforced by the Occupational Safety and Health
Administration [OSHA], continuous exposure for longer than 8 hours per day to noise
levels above 85 dBA requires monitoring for hearing damage; the maximum short-term
[15 minute] occupational exposure level is 115 dBA.)

3.1.4 Geoloqy and Soils

The region of interest is underlain by a series of limestone formations, with a total
thickness of several thousand feet. The lower formations (the Avon Park and Ocala)

contain the Upper Floridan Aquifer, which is under artesian pressure in the vicinity of
CCAS/KSC. At CCAS/KSC, the Upper Floridan Aquifer commences at a depth of about
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TABLE 3-1. SUMMARY AIR QUALITY DATA FROM KSC (1993)

Criteria Federal and State

Pollutant Standard a January February March April May June

120 (hr-avg) bOzone

(ppb)

Sulfur

Dioxide

(ppb)

Nitrogen

Dioxide

(ppb)

Carbon

Monoxide

(ppm)

140 (24-hr) c'd

500 (3-hr) d

Ozone

(ppb)

Sulfur

Dioxide

(ppb)

Nitrogen

Dioxide

(ppb)

(max. value)

(10-min avg)

50 (annual-avg) d

35 (hr-avg) b

9 (8-hr) c

18

(99.9%)

1

1

(98.0%)

26

17

13

(100.0%)

1,615

1.365

(99.6%)

32

(100.0%)

1

1

(72.1%)

23

22

16

(100.0%)

0.497

0.465

(99.7%)

35

(99.9%)

1

1

(99.3%)

41

24

13

(100.0%)

0.801

0.737

(99.9%)

35

(82.1%)

I

1

(85.4%)

35

22

8

(85.4%)

0.548

0.434

(86.4%)

32

(89.O%)

1

1

(88.4%)

32

29

11

(89.O%)

0.569

0.394

(89.0%)

22

(62,1%)

1

2

(62.1%)

35

32

20

(62.1%)

1,282

0.925

(62. t %)

Or'eraFe'eraa°0StateI I IPollutant Standard a July August September October November December

120 (hr-avg) b

140 (24-hr) c'd

500 (3-hr) d

(max. value)

( 10-min avg)

50 (annual-avg) d

35 (hr-avg) b

9 (8-hr) c

74

(96.2%)

4

17

(96.2%)

10

10

33

(96.2%)

0.731

0.379

(96.2%)

75

(73.9%)

3

19

(76.3%)

16

15

18

(76.3%)

2.057

1.544

(76.2%)

35

(69.9%)

1

1

(69.9%)

24

19

10

(69.9%)

1.8

0.614

(69.9%)

36

(99.9%)

1

1

(99.7%)

12

(100.0%)

0.994

0.492

(99.9%)

16

(100.0%)

1

2

(94%)

10

(1 OO.O%)

0,853

0.727

(99.7%)

Carbon

Monoxide

(ppm)

17

(100.0%)

1

1

(8.5%)

11

(100.0%)

1.439

1.262

(1003%)

Source: NASA 1994

a. Federal and State standards are identical except for sulfur dioxide; State of Florida 24-hr standard is 100 ppb.

b. Maximum hourly average concentration (not to be exceeded more than once per year).

c. Maximum time-period average concentration (not to be exceeded more than once per year).
d. Annual arithmetic mean cannot be exceeded.

NOTE: 21 days are required to yield a valid month. (%)=Percent of valid data for the month.
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80 m (260 ft) and is about 110 m (360 ft) thick (USAF 1990). Bedsof sandy clay, shells,
and clays of the Hawthorn formation overlie the FloridanAquifer, forming the principal
confining bedsfor that aquifer (i.e., the Hawthorn formation isolatesthe FloridanAquifer
from the shallower aquifers). The Hawthorn formation lies at adepth of about 30 m
(100ft) atCCAS/KSC and is up to 50m (160ft) thick. Overlyingthe Hawthorn formation
areUpper Miocene,Pliocene,Pleistocene,and Recentdeposits, which form secondary
semi-confinedaquifersand the surficial aquifer lying at depths up to about 30 m (100 ft)
at CCAS/KSC. CCASand KSCare located on a barrier islandcomposedof relict beach
ridges.

The U.S. Departmentof Agriculture's Soil ConservationService hasmappedthe
soils in the CCAS/KSC area and has identified five major soil associations. (The locations
of the major soils associations are given in Kennedy Space Center Environmental Resource
Document [NASA 1994]). The principal soils in the vicinity of Launch Complexes 40
and 41 are highly drained, sandy soils (percolation rate greater than 51 cm [20 in.] per
hour) on level or moderately sloping topography (USAF 1990). The soils near Launch
Complexes 39A and 39B are marshy, very poorly drained, and saline on nearly level terrain
(NASA 1994).

3.1.5 Hydrolo.qy and Water Quality

3.1.5.1 Surface Waters

The major surface water resources in the region are the upper St. Johns River
basin, the Indian River Lagoon system, the Banana River, and a portion of the Kissimmee
River along the western border of OsceolaCounty. The St. Johns River and its tributaries
in the region are classified by the State as Class I surface water (potable water supply) and
serve as the source of potable water for the city of Melbourne and for much of the
surrounding population (State of Florida 1991c).

Major inland water bodies in the CCAS/KSC area are the Indian River, Banana River,
and Mosquito Lagoon (see Figure 3-2). These water bodies are shallow estuarine lagoons
with average water depths of 0.6 to 0.9 m (2 to 3 ft), except for the portions maintained
as part of the Intercoastal Waterway, between Jacksonville to the north and Miami to the
south. The Indian and Banana Rivers join at Port Canaveral and form a combined area of
60,000 ha (150,000 acres) in Brevard County. This area receives drainage from
218,500 ha (540,000 acres) of surrounding area(USAF 1990). Launch Complexes 39A,
39B, 40 and 41 are located on the barrier island between the Atlantic Ocean and the
Banana River. Most precipitation at the complex infiltrates directly into the soils with any
surface runoff flowing toward the Banana River (USAF 1990). The Banana River and
Indian River were historically connected by Banana Creek. This connection was severed in
1964 with the construction of the Launch Complex 39 crawlerway at KSC. Navigation
locks within Port Canaveral virtually eliminate any significant oceanic influence on the
Banana River. Public navigation is prohibited within the manatee refuge portion of the
Banana River north of State Road 528 (see Section 3.1.6.4 for a discussion of endangered

and threatened species).

3-15



3.1.5.2 SurfaceWater Quality

The major surfacewater resourcesin the region include the St. Johns Riverand
associatedtributaries, the IndianRiver Lagoonsystem, the BananaRiver, and, along the
western edge of the region, a portion of the KissimmeeRiver,which forms part of the
border of OsceolaCounty. The St. Johns Riversystem servesas a sourceof potable
water for parts of the region, includingthe city of Melbourne(State of Florida1991c).

The State of Floridahasadoptedwater quality standards,as requiredunder the
FederalCleanWater Act of 1977, and hasdesignatedeach surfacewater resourceas one
of five classes(ClassI through ClassV), basedupon potential use and value. (ClassI
waters are subject to the most stringent standards,reflecting their value as potable water
sources;ClassV waters have much less stringent standards,reflecting their potential
value for navigation, utility, and industrial use.) Within the region, the St. Johns Riverand
its tributaries have beendesignatedas ClassI (i.e., potable water supply) by the State
(State of Florida 1991c). In the immediatevicinity of CCASand KSC(Figure3-8),
Mosquito Lagoonhas beendesignatedby the State as Class II (i.e., shellfish propagation
and harvesting), as has the northern-most segmentof the Indian Riverextending from the
NASA railway spur crossing and a secondsegmentof Indian Riversouth of Merritt Island
(NASA 1994). The remainingof the surfacewaters in the immediatevicinity of CCASand
KSC(i.e., BananaCreek,BananaRiver, andthe IndianRiversouth of Titusville) have been
designatedas Class III waters (i.e., recreationand fish and wildlife management).

Florida'sAquatic Preserve Act of 1975 facilitated the designation of certain state-
owned submerged lands and associated coastal waters as Aquatic Preserves (NASA
1994). Aquatic Preserves have exceptional biological, aesthetic, and scientific values, and
such activities as oil and gas drilling, dredging, and effluent discharges are substantially
restricted. In the vicinity of KSC, Aquatic Preserves include the entire Mosquito Lagoon
and a portion of the Banana River south of State Road 528 (Figure 3-8).

A special designation, Outstanding Florida Waters (OFW), has been established for
certain water bodies within the State that demonstrate recreational or ecological
significance. This designation constitutes the highest level of protection afforded surface
waters in the State. The OFW designation can apply to waters within State or national
parks, wildlife refuges, aquatic preserves, and other State and Federal areas. Within the
region, 38 water bodies are designated OFW (State of Florida 1991d). In the vicinity of
CCAS, the surface waters adjacent to Merritt Island National Wildlife Refuge, Mosquito
Lagoon, and Canaveral National Seashore, as well as the Banana River Aquatic Preserve
and portions of the Indian River near Sebastian Inlet State Recreation Area about 68 km
(42 mi) south of Launch Complex 41, are designated OFW (Figure 3-9).

The Indian River Lagoon has been selected as an Estuary of National Significance
through U.S. EPA's National Estuary Program. The goal of this program is to balance
conflicting uses of the Nation's estuaries while restoring or maintaining their natural
character (NASA 1994).

Surface water quality near CCAS and KSC is monitored at 11 long-term monitoring
stations that are maintained by NASA. These stations are located in Mosquito Lagoon, the
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Banana River, Banana Creek, and at other locations on and near KSC. Other monitoring
stations in the general area are maintained by Brevard County, the U.S. Fish and Wildlife
Service (FWS), and the Florida Department of Environmental Protection (FDEP) (NASA
1994). In general, the water quality in the monitored surface waters has been
characterized as good, although data from a recent study of water quality monitoring
programs prepared for NASA indicate that certain parameters (i.e., primarily phenols and
silver) consistently exceed State water quality criteria with pH, iron and aluminum
occasionally exceeding criteria. Nutrients and metals, when detected, have generally been
below the Classll standards. The Banana River segment to the north of NASA Parkway
East is subject to stormwater runoff from the Titan IV assembly and launch areas.
Because of the runoff, the salinity of the northern segment of the river tends to be
somewhat lower than that of the southern segment, although both segments tend to be
brackish to saline (15 to 36 parts per thousand salinity at NASA Causeway East [USAF
1990]). Recent water quality data from the northern segment of the Banana River, given
in Table 3-2, indicate the trends noted above for phenols, aluminum, iron, zinc, and silver.
Because of the relatively high salinity of the river, Class III marine standards are cited
where appropriate.

3.1.5.3 Groundwater

Three principal geohydrologic units underlie the area. In order of descending depth,
these units are a surficial aquifer, secondary semi-confined aquifers (found below confining
layers but above and within the Hawthorn formation), and the Floridan Aquifer (NASA
1994, USAF 1990).

The surficial aquifer (an unconfined hydrogeologic unit) is contiguous with the land
surface and is recharged by rainfall along the coastal ridges and dunes, with little recharge

occurring in the low swampy areas. Figure 3-10 illustrates the recharge area in the vicinity
of CCAS and KSC for the surficialaquifer. Major discharge points for the surficialaquifer
are the estuary lagoons, shallow seepage occurring to troughs and swales, and
evapotranspiration. Inland fresh surface waters are primarily derived from surficial
groundwater.

Wells that tap the surficial unconfined aquifer are largely used for non-potable or
individual domestic uses, although this source is also used for some municipal public
supply systems (e.g., the cities of Mims and Titusville, which are about 16 km [10 mi]
northwest of the CCAS/KSC launch sites, and Palm Bay, located about 64 km [40 mi]
south of the CCAS/KSC launch sites in Brevard County).

Groundwaters under artesian and semi-confined conditions in the secondary
aquifers and Floridan Aquifer near CCAS/KSC have upward flow potentials. Recharge to
the secondary aquifers is minor and depends on leakage through the surrounding lower
permeability beds. Because of the thickness (55 m [16Oft]) and the relatively
impermeable nature of the confining units of the Hawthorn formation, however, it is
thought that, in general, no significant natural inter-aquifer leakage is occurring from the
Floridan Aquifer into the more shallow aquifers (NASA 1994). Because of recharge
characteristics, the more shallow aquifers, and the surficial aquifer in particular, are more
pertinent to launch vehicle operations than the deeper, isolated Floridan Aquifer.
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TABLE 3-2. SUMMARY OF WATER QUALITY MONITORING DATA FOR

NORTH BANANA RIVER, PEPPER FLATS, SAMPLED IN 1991

Parameters Average Range FDEP Class III Standards

Conductivity (pmhos/cm)

Total Suspended Solids (mg/I)

Turbidity NTU

Oil and Grease (mg/I)

Phenols (pg/I)

Alkalinity (rag/I)

pH

Total Kjeldahl Nitrogen (mg/I)

Nitrate Nitrogen (rag/I)

Ortho Phosphate (rag/I)

Chlorophyll A (mg/m 3)

Biological Oxygen Demand (mg/I)

Chemical Oxygen Demand (mg/I)

34,200

33.3

2.7

0.6

137

163.2

8.3

2.34

0.05

0.032

5.6

3.5

660

12,300 - 58,000

4.0 - 145.0

0.1 - 7.1

<0.2 - 6.7

6 - 822

97.6 - 408.0

7.5 - 9.3

<0.02 - 8.70

<0.02 - 0.3

<0.025 - 0.20

<0.5 - 36.7

<1.0- 16.0

180 - 1570

Varies

No Standard

29 NTU Above Background

<5.0; No Taste or Odor

1.0, varies

>20 (fresh)

6.5 o 8.5 (marine)

No Standard

No Standard

No Standard (marine)

No Standard
a

No Standard

Dissolved Oxygen (mg/I)

Total Organic Carbon (mg/I)

Aluminum (mg/I)

Cadmium (pg/I)

Chromium (mg/I)

Iron (rag/I)

Zinc (pg/I)

Silver _g/I)

6.2

6.6

0.65

0.21

0.018

0.29

50

16.59

4.8 - 8.8

1.9- 50.1

<0.10 - 6.33

<0.01 - 3.60

<0.001 - .05

<0.04 - 0.98

<10- 170

<0.05 - 68.40

>4 (marine)

No Standard

_ 1.5 (marine)

9.3 (marine)

0.05 (Cr +6) (marine)

---0.3 (marine)

86 (marine)

-<0.05 (marine)

Sources: Bionetics Corporation 1991, NASA 1994, State of Florida 1991c

a. Based on dissolved oxygen limits.
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3.1.5.4 Quality of Groundwater

Almost all (89 percent) of the freshwater used in the region is drawn from
groundwater supplies, principally the Floridan Aquifer (ECFRPC 1992a). The Floridan
Aquifer covers 212,000 km 2 (82,000 mi 2) of Florida and is 610 m (2,000 ft) thick in some

areas (FSU 1984). In portions of the region, such as at CCAS and KSC (where the
Floridan Aquifer is under artesian pressure) and in an area bordering the St. Johns River,
the Floridan Aquifer is considered too saline for potable water use (ECFRPC 1992a).
CCAS obtains its potable water from the city of Cocoa, which in turn, draws its water
from non-brackish areas of the Floridan Aquifer (USAF 1990). KSC also receives its water

from a permitted public supply utility within the St. Johns River Water Management
District (NASA 1994). The region contains some effective recharge areas for the Floridan
Aquifer. These areas are located primarily in the upland portions of Lake, Orange,
Seminole, Osceola, and Volusia Counties and comprise very porous, sandy soils, where up
to 30 percent of the total annual rainfall enters the Floridan Aquifer.

Groundwater in the State of Florida has been established as four classes: Class G-I

(i.e., potable water; total dissolved solids less than 3,000 mg/I) through G-IV (i.e., non-
potable water; total dissolved solids [TDS] of 10,000 mg/I or more). The majority of the
State's groundwaters, including the groundwater underlying CCAS and KSC, are classified
as G-II (i.e., potable water use; total dissolved solids less than 10,000 mg/I) (State of
Florida 1991 b).

Overall, water in the surficial unconfined aquifer in the vicinity of CCAS and KSC
meets State of Florida Class II groundwater secondary quality standards for potable water
use with the general exception of chloride, iron, and/or total dissolved solids (NASA 1994,
USAF 1990). The concentrations of these parameters are considered to be elevated
because of the influence of adjacent saline surface waters.

Tables 3-3 and 3-4 summarize groundwater quality data from shallow groundwater
wells installed within and around the perimeter of Launch Complexes 40 and 41. These
data indicate that the shallow groundwater is generally of good quality. However, wells at
both complexes contained concentrations of TDS and iron above the Florida Secondary
Drinking Water Standards. In addition, orthophosphate, total phosphate, sulfate,
ammonia, chloride, magnesium, and boron were found at somewhat elevated
concentrations in the local vicinity when compared to the water quality in background
wells. Previous investigations of groundwater near Launch Complexes 40 and 41 found
cadmium, chloride, iron, manganese, and/or TDS above Florida Drinking Water Standards.
In addition, some samples had traces of 1,1,1-trichloroethane, benzene, and

dimethyl-hydrazine (USAF 1990, Reagan 1993, Reagan 1995).

Initial groundwater studies at Launch Complexes 39A and 39B indicated minor
groundwater contamination of aluminum (AI), cadmium (Cd), chromium (Cr), iron (Fe), and
lead (Pb) with trace and periodic detection of volatile organic compounds (NASA 1994).

The groundwater of the secondary semi-confined aquifer ranges from moderately
brackish to brackish, primarily because of very slow, upward leakage from the Floridan
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TABLE 3-3. GROUNDWATER MONITORING DATA FOR LAUNCH COMPLEX 40,

SAMPLED ON NOVEMBER 4, 1994

Parameter

Monitored

(mg/I) a

Ortho

Phosphate

TP

Sulfate

Zinc

Surfactants

pH (standard
units)

TDS

Aluminum

MW-1 b

Chromium

0.02

0.03

5.0

<0.01

<0.125

7.41

194.0

< 0.05

MW-2

0.06

0.09

17.0

0.31

<0.063

7.05

310.0

0.05

MW-3

0.04

0.09

17.0

<0.01

<0.063

7.13

706.0

<0.05

MW-4

0.02

Ammonia < 0.02 0.03 1.61 8.09

Beryllium <0.001 <0.001 <0.001 <0.001

Cadmium <0.005 <0.005 <0.005 <0.005

Chloride 4.61 16.7 240 79.7

<0.01 <0.01 <0.01 <0.01

<0.01 <0.01<0.01Copper

MW-5

<0.02

0.08 0.09

32.0 90.0

<0.01 <0.01

<0.063 <0.063

6.99 7.01

618 816

<0.05 <0.05

2.38

<0.01

Florida

Drinking
Water

Standards c

No Listing

No Listing

250.0

5.0

0.5 d

6.5-8.5

500.0 e

0.2

No Listing

<0.001 0.004

<0.005 0.005

165 250.0

<0.01

<0.01

0.10

1.0

Iron < 0.02 < 0.02 O. 53 < 0.02 < 0.02 O. 3

Lead <0.015 <0.015 <0.015 <0.015 <0.015 0.015

Nickel <0.005 <0.005 <0.005 <0.005 <0.005 0.1

Nitrate 0.51 O. 18 < 0.01 < 0.01 < 0.01 10.0

Magnesium 3.68 4.43 6.68 34.2 20.9 No Listing

< 50.0 50.0 290.0 110.0Boron (pg/I) < 50.0

MMH (pg/I) < 5.0 < 5.0 < 5.0 < 5.0

<10.0 <10.0 <10.0 <10.0

No Listing

< 5.0 No Listing

<10.0UDMH (pg/I) No Listing

Source: Reagan 1995

a. Units are measured in mg/I except where noted.

b. Background monitoring well.

c. Florida Drinking Water Standards, Florida Administrative Code, Title 17, Chapter 17-550.

d. Standard for foaming agents was used for surfactants.

e. The TDS standard may be greater than 500 mg/I if no other standard is exceeded.
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TABLE 3-4. GROUNDWATER MONITORING DATA FOR LAUNCH COMPLEX 41,

SAMPLED ON NOVEMBER 7, 1994

Parameter

Monitored

(rag/I) a

Ortho

Phosphate

MW-1 b

<0.02

MW-2

<0.02

MW-3

0.77

MW-4

2.45

MW-5

0.58

Florida

Drinking
Water

Standards c

No Listing

TP 0,06 1.76 0.82 0.05 0.62 No Listing

Sulfate 2.5 37.0 1.2 6.60 176 250.0

Zinc <0.01 <0.01 0.01

Surfactants <0.125 <0.063 <0.063

pH (standard 6.99 7.26 6.87
units)

TDS 294.0 372.0 442.0

Aluminum < 0.05 < 0.05 < 0.05

Ammonia 0.02 0.93 0.36

Cadmium <0.005 <0.005 <0.005

<0.01 <0.01 5.0

<0.063 <0.025 0.5 d

6.68 6.81 6.5-8.5

428.0 922.0 500.0 e

0.07 <0.05

O.03 1.78

<0.005 <0.005

Chloride 12.7 46.8 88.6 22.3 36.1

Iron 0.864 <0.02 5.11 0.74

<0.015 <0.015

<0.05 <0.05

0.01 O.01

7.96 38.2

<50.0 240.0

<5.0 <5.0

<10.0

0.94

Lead 0.015 <0.015 <0.015

Nickel <0.05 <0.05 <0.05

Nitrate 0.93 <0.01 <0.01

Magnesium 3.64 6.35 3.43

Boron (pg/I) < 50.0 64.0 120.0

MMH (pg/I) < 5.0 < 5.0 < 5.0

<10.0 <10.0< 10.0<10.0UDMH (pg/I)

0.2

No Listing

0.005

250.0

0.3

0.015

0.1

10.0

No Listing

No Listing

No Listing

No Listing

Source: Reagan 1995

a. Units are measured in mg/I except where noted.

b. Background monitoring well.

c. Florida Drinking Water Standards, Florida Administrative Code, Title 17, Chapter 17-550.

d. Standard for foaming agents was used for surfactants.

e. The TDS standard may be greater than 500 mg/I if no other standard is exceeded.
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Aquifer (NASA 1994). Water from the Floridan Aquifer in the vicinity of CCAS and KSC is
highly mineralized (principally chlorides) primarily because of the natural and induced (due
to pumping) lateral seawater intrusion and a lack of flushing due to the distant recharge
areas (e.g., Polk and Orange Counties) (NASA 1994). The Floridan Aquifer in the vicinity
of CCAS and KSC has been ranked as having a low potential for well field acceptability.

3.1.5.5 Offshore Environment

The offshore environment of the Atlantic Ocean at KSC/CCAS can be described by its

bottom topography and characteristics of ocean circulation in the area.

Out to depths of approximately 18.3 m (60 ft), sandy shoals dominate the underwater
topography. The sea floor continues to deepen out to about 100 km (62 mi) from the
coastline, where the bank slopes down to depths of 732 to 914 m (2,400 to 3,000 ft) to
the Blake Plateau. The Blake Plateau extends out to about 370 km (230 mi) from the

shore at KSC/CCAS. Figure 3-11 shows the bathymetry of the offshore areas.

Offshore currents usually reflect the general northern flow of the Gulf Stream, as
illustrated in Figure 3-12 (National Oceanic and Atmospheric Administration [NOAA]
1980). Studies of water movements in the area indicate a shoreward direction of the

current for the entire depth, surface to bottom, in the region out to depths of 18 m (60 ft)
(about 33 km [20.5 mi] offshore) at speeds of several miles per day. Wind-driven currents
generally determine the current flow at the surface. During the autumn (September
through November), the prevailing winds are out of the northeast, with occasional winds
out of the south. The prevailing winds transport surface waters toward the shore, with an
offshore component in shallow bottom waters that diminishes rapidly with distance
offshore (INSRP 1989c). The net effect is that material suspended in the water column
tends to be confined to the area near the coast, and heavier material (e.g., sand) is

deposited in this area.

The occasional northward winds result in a net movement of surface waters offshore,

with an inshore movement of the higher density bottom waters. Materials suspended in
the surface waters are transported in an offshore direction, with the heavier bottom
materials moving in shore.

In the region out to the sloping bank (100 km [62 mi]), the flow is slightly to the
north and tends to move eastward when the winds blow to the south. Water over the
Blake Plateau flows to the north most of the time and is known as the Florida current of

the Gulf Stream (AEC 1975).

3.1.6 Biolo.qical Resources

3.1.6.1 Floodplains and Wetlands

Titan IV Launch Complexes 40 and 41 are located on a greater than 500-yr floodplain
(NASA 1994). Wetlands near the launch area consist largely of mixed salt-tolerant
grasses and mangroves. Wetlands in the CCAS/KSC area include freshwater ponds and
canals, brackish impoundments, tidal lagoons, bays, rivers, vegetated marshes, and
mangrove swamps. These wetlands provide resources for vast numbers of marine
organisms, waterfowl, and terrestrial wildlife. Many of the wetlands within the Merritt
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FIGURE 3-11. OFFSHORE WATER DEPTH NEAR CCAS/KSC REGION
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Island National Wildlife Refuge are managed for overwintering waterfowl habitat and host
about 200,000 waterfowl each year.

The wetlands adjacent to Launch Complex 41 are mixed, consisting of salt-tolerant

grass marsh with some black mangrove and sea oxeye vegetation areas. The wetlands at
Launch Complex 40, which are separated from the complex by a narrow band of wax

myrtle/Brazilian pepper vegetation to the west, consist of white/mixed mangrove with
scattered areas of mixed salt-tolerant grass marsh areas interspersed (USAF 1990).

Shuttle Launch Complexes 39A and 39B are surrounded by 100 year floodplain
(NASA 1994). Wetlands on KSC comprise approximately 35 percent of the land area.

Sensitive coastal mangrove communities and aquatic preserves are present next to Launch
Complexes 39A and 39B (NASA 1979).

3.1.6.2 Terrestrial Resources

The region has several terrestrial and aquatic conservation and special designation
areas (e.g., wildlife management areas and aquatic preserves), which serve as wildlife
habitat and comprise about 25 percent (about 404,700 ha [1 million acres]) of the total
land and water acreage within the region (about 1.7 million ha [4.1 million acres]).

Table 3-5 provides an overview of the 11 general land cover types throughout the 6-
county region. Freshwater and coastal wetlands comprise about 23 percent of the total
area of the 6-county region, followed by xeric grassland (21 percent), scrub and shrub
(17 percent), water (12 percent), and hardwood/pine forest (11 percent) (ECFRPC 1988).

Important terrestrial wildlife species in the region include migratory and native

waterfowl (e.g., ringneck, pintail, and baldpate ducks), as well as turkey, squirrel, white-
tailed deer, and wild hogs. Black bear also exist in the region. The St. Johns River basin
is an important waterfowl hunting area. The seven State wildlife management areas in the
region are hunted for small game, turkey, hogs, and deer.

The majority of the land surrounding Launch Complexes 39A, 39B, 40 and 41,
including KSC/Merritt Island National Wildlife Refuge and the Mosquito Lagoon/Cape
Canaveral National Seashore areas, is undeveloped and in a near-natural state. These
areas host a variety of vegetative communities, ranging from mangrove swamps and salt
marshes to freshwater wetlands and coastal dunes and beaches. Sixty-eight reptile and

amphibian species; more than 300 bird species, including 8 to 9 rookeries of nesting birds;
and more than 25 mammal species use these communities (NASA 1994). A bird rookery
is located about 0.5 km (0.3 mi) south of Launch Complex 39A and 2.5 km (1.3 mi) north
of Launch Complex 41.

Approximately 70 percent (4,400 ha [11,100 acres]) of the total acreage (6,394 ha
[15,800 acres]) at CCAS is undeveloped and dominated by three principal vegetative
communities (Figure 3-13). The coastal dune community is the smallest (320 ha;
800 acres), extending from the high tide line of the Atlantic Ocean across the beach into
the dunes along the coastal perimeter of CCAS (USAF 1990). Inland from the coastal
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Vegetative Community Types:

Flatwoods and grassJands

Wellands

Coastal scrub, strand, and dune

SCALE
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0 1 2 mi
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Source: NASA 1979

FIGURE 3-13. MAJOR VEGETATION COMMUNITIES NEAR CCAS/KSC LAUNCH SITES
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dune community is the coastal strand community, covering about 920 ha (2,300 acres) of
CCAS. Further inland is the coastal scrub community, which occupies the largest portion
of the undeveloped area of CCAS (3,760 ha; 9,400 acres). Three other ecologically
important communities exist at CCAS, although in smaller amounts (Figure 3-13).
Mangrove swamp (180 ha [450 acres]) is the largest community of the three, followed by
salt marsh (56 ha [140 acres]) and freshwater wetland (80 ha [20 acres]). Mangrove and
salt water swamps surround Launch Complexes 39A and 39B at KSC.

Coastal strand and dune communities are marked by extremes in temperature and
prolonged periods of drought (NASA 1990). Vegetation on the dunes is dominated by sea
oats. Other grasses, such as slender cordgrass and beach grass, also occur. Shrubs, such
as beach berry and marsh elder, occur in the dune community, along with herbs, including
beach sunflower and camphorweed. The beach areas, while largely unvegetated, still
provide significant wildlife resources. The tidal zone supports a large number of several
species of marine invertebrates, as well as small fish that are food for many shore birds.
Several species of gulls, terns, sandpipers, and other birds use the beaches of the Cape
Canaveral area. In addition, research indicates that these beaches are important to nesting
sea turtles (USAF 1990).

Strand occurs between the coastal scrub community and the salt spray zone of the

dune system. The growth characteristics of strand vegetation produce a low profile that is
maintained by nearly constant winds. Plants that can tolerate strand conditions are saw
palmetto, wax myrtle, tough buckthorn, cabbage palm, partridge pea, prickly pear, and
various grasses. The white-tailed deer, raccoon, mice, 14 species of birds, such as red-
tailed hawk and the red-headed woodpecker, and only 2 species of reptile (i.e., gopher
tortoise and eastern diamondback rattlesnake), among others, use this community (USAF
1990).

The coastal scrub association is characterized by xeric tree species, including scrub

oak, live oak and sand live oak, and myrtle oak. The scrub community is a harsh
environment limited by low soil moisture conditions. Herbaceous and shrub vegetation is

sparse and includes wire grass, saw palmetto, tar flower, lantana, wax myrtle, greenbriar,
prickly pear, gopher apple, and others. Ten species of mammals, including white-tailed
deer, armadillo, feral hogs, and bobcat use this habitat type at CCAS. In addition, 14
species of birds (similar to those inhabiting the coastal strand) and 5 species of reptiles use
the scrub community.

3.1.6.3 Aquatic Biota

The coastline from Daytona south to Melbourne and extending seaward to a depth of
100 fathoms is one of the most productive marine fishery areas along the southern
Atlantic coast. The inshore waters support an important sea trout and redfish sport
fishery. The lagoons and rivers support commercial fishery operations for blue crab and
black mullet.

A total of 141 species of freshwater, estuarine, and marine fish have been
documented within the northern portions of the Indian River Lagoon near KSC/CCAS
(ECFRPC 1988). Of these, 65 species are considered commercial fish and 85 are sport
fish and/or are fished commercially. One species known to inhabit the river, the rainwater
killifish (Lucania parva), whi!e not on the Federal or State threatened or endangered lists,
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hasbeenlisted by the FloridaCommitteeon Rareand EndangeredPlantsand Animals, a
groupconsisting largely of researchbiologists, as a "speciesof special concern," and by
the FloridaNatural Areas Inventory as "imperiled statewide" (ECFRPC1991a).

Shellfishing is an important component of the commercial and recreationalfishing
effort. In 1990, BrevardCounty produced 100 percent of the Floridaeast coast landings
of calico scallops392,656 kg (872,568 Ib). Furthermore,BrevardCounty landingsof
clamsaccounted for 81.6 percent of the Floridaeast coast clam harvest. VolusiaCounty
accountedfor 3.25 percent of clam landingsoff the Floridaeast coast (State of Florida
1990). Clamsare taken primarily from tidal mud flat areas. Commercialfishing is an
important economicasset to the region. BrevardCounty and Volusia County ranked
secondand fourth respectively, amongthe 12 east coast Floridacounties in terms of 1990
finfish landings. Brevardrankedsecond in invertebrate landings(e.g., crab, clams, and
oysters) and first in shrimp landings,with Volusia fifth in both categories (State of Florida
1990). Mosquito Lagoonis consideredamongthe best oyster and clam harvestingareas
on the east coast (NASA 1994). Figure3-14 illustrates the shellfish harvestingareasin
the vicinity of KSC/CCAS.

3.1.6.4 Endangeredand ThreatenedSpecies

The FederalGovernment's Threatenedor EndangeredSpeciesList, preparedby the
U.S. FWS,currently recognizes29 endangeredor threatenedspeciesin this region.
Another 63 species,including 30 plants, are being reviewed for possiblelisting. The State
of Florida's list includes 53 speciesconsideredendangeredor threatened. The Florida
Committee on Rareand EndangeredPlantsand Animalsgives endangeredor threatened
status to 60 species. The FloridaNaturalAreas Inventory includes 57 species in its top
two most endangeredcategories. Roughlyhalf of all the endangeredand threatened
species identified by these lists occurs in wetlands, principallyestuarineenvironments; the
other half dependson upland habitats (ECFRPC1991b). No federallydesignatedflora
exist at CCAS,although coastal vervain (Verbenamaritima), a dune species, has been
reported on both CCAS and KSC and is being evaluated for listing as threatened. Prickly-
apple cactus (Cereus gracilis), which is being considered for threatened status, may occur
at KSC. Other species which have been reported at KSC and are being evaluated for
listing as threatened include Curtiss reedgrass (Calamovilfa curtissil] which has been
reported in the southern and central regions of KSC, and tampa vervain (Verbena
tampensis) which occurs in disturbed areas adjacent to hardwood hammocks (NASA
1994).

Table 3-6 lists 21 federally protected wildlife species known to occur in the vicinity of
CCAS/KSC. Table 3-6 contains seven endangered species, nine threatened species, and
five that may be listed as threatened (NASA 1994). Table 3-6 also indicates the status of
each of the federally listed species at CCAS/KSC (USAF 1990).

About 15 percent of the total U.S. population of the West Indian Manatee (Trichechus
manatus latirostris) occurs in the waters bordering CCAS and KSC (NASA 1994). The
following areas at CCAS/KSC have been designated as critical habitat for manatee by the
FWS (see Figure 3-6): the entire inland section of the Indian River, the entire inland
section of the Banana River, and all waterways between the Indian and Banana Rivers

(exclusive of those existing manmade structures or settlements that are not necessary to
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TABLE 3-6. FEDERALLY LISTED THREATENED AND ENDANGERED FAUNA
OCCURRING NEAR CCAS AND KSC

Common Name Scientific Name

West Indian Manatee Trichechus manatus
latirostris

Southeastern Beach Mouse Peromyscus polionotus
niveiventris

Florida Mouse Peromyscus floridanus

Round-Tailed Muskrat Neofiber alleni

Bald Eagle Haliaeetus leucocephalus

FWS

T

C2

C2

FGFWFC

SSC

NL

T

FCREPA

NL

T

SSC

T

Status at

CCAS

Re

Re

Re

Re-

possible

Status at
KSC

Re

Re

Re

U

Re/Tr

Arctic Peregrine Falcon Falco peregrinus tundrius T E E Tr Tr

Wood Stork Mycteria americana E E E Re Re

Roseate Tern a Sterna dougallii T T T N/O R

Piping Plover Charadrius melodus T T SSC V V

Florida Scrub Jay Aphelocoma coerulescens T T T Re Re
coerulescens

Bachman's Sparrow Aimophila aestivalis C2 NL NL V R

Reddish Egret b Egretta rufescens C2 SSC R V N

Atlantic Ridley Sea Turtle Lepidochelys kempi E E E O/NN O/NN

Loggerhead Sea Turtle Caretta caretta caretta T T T O/N O/N

O/N

O/NN

O/N

OINLeatherback Sea Turtle Dermochelys coriacea

coriacea

Hawksbill Sea Turtle Eretmochelys imbricata
imbricata

Atlantic Green Sea Turtle Chelonia mydas mydas

American Alligator Alligator mississippiensis

Eastern Indigo Snake Drymarchon corais couperi

Atlantic Salt Marsh Snake Nerodia fasciata taeniata

Gopher Tortoise Gopherus polyphemus

O/NN

O/N

T/(S/A) SSC SSC Re Re

T T SSC Re Re

T T E N/O Re

C2 SSC T Re Re

a. Rare migrant observed at KSC only.

b. KSC a major nesting area.

Sources:

KEY:
FWS:

FGFWFC:

FCREPA:

U.S. Fish and Wildlife Service

Florida Game and Freshwater Fish Commission

Florida Commission on Rare and Endangered Plants and Animals

E:

T:

T/(S/A):

SSC:
R:

NL:

Re:

C2:

Endangered V:
Threatened Tr:

Threatened/similarity of appearance N:

Species of Special Concern O/N:
Rare O/NN:

Not listed N/O:

Resident year-round U:

Proposed listing as threatened

Visitor; does not nest at CCAS

Transient; occurs seasonally

Nesting
Occurs on beach or offshore; nests

Occurs on beach or offshore; no nests

Not observed

Status undetermined

NASA 1994, USAF 1990
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the normalneedsof the survival of the species). On March 11, 1990, FWSestablished
the waters of the BananaRiverfrom State Road528 north to the NASA Parkway East
causewayas a manateerefuge.

Loggerhead(Carettacaretta caretta), Atlantic green (Chelonia mydas mydas), and
leatherback (Dermochelys coriacea coriacea) turtles use the beach areas at CCAS and KSC
as nesting habitat. Nesting typically occurs between May and October (USAF 1990).

Populations of the southeastern beach mouse (Peromyscus polionotus niveiventris) are
high at CCAS largely because of the amount of dune grassland habitat at the station
(USAF 1990). Population studies in 1989 determined the beach mice population to be
between 11,000 and 15,000for all desirable habitats at CCAS. On KSC, the beach mice
habitat narrows and the population density decreases (USAF 1990).

Arctic peregrine falcons (Falco peregrinus tundrus) use the dune habitat at CCAS for
overwintering. In addition, a wood stork (Mycteria americana) rookery is located about
2 km (1.4 mi) northwest of Launch Complex 41 and about 4 km (2.8 mi) from Launch

Complex 40(USAF 1990). This rookery was abandoned in 1991. Florida scrub jays
(Aphelocoma coerulescens coerulescens) use the scrub habitat in the vicinity of the
complexes; nests have been observed 201 m (660 feet) away from Launch Complex 41.
A 1988 survey estimated the entire CCAS scrub jay population to be between 900 and
1,800 birds, with a maximum of about 200 of these within a 0.6 km (0.4 mi) radius of

Launch Complexes 40 and 41. Scrub jay populations at the Merritt Island National Wildlife
Refuge appear to have declined in recent years, according to a recent survey that located
about 3,600 birds versus 10,000 in earlier surveys (NASA 1994).

Approximately 20 nesting locations used by bald eagles (Haliaeetus leucocephalus)
have been located at KSC. The nest area nearest to CCAS Launch Complexes 40 and 41
is about 10 km (6 miles) to the west, near the KSC industrial area (NASA 1994). Bald

eagles are visitors at CCAS and do not nest year-round. In 1990, eight sites at KSC were
active, and five eaglets were fledged. In 1991, five nests were active, and four eaglets
were fledged (Busacca et al. 1991).

Osprey (Pandion haliaetus), listed by the Convention on International Trade in
Endangered Species of Wild Flora and Fauna, were thought to be actively using 25 out of
54 possible nesting sites near KSC (NASA 1994). Eleven of the active nests were located
on manmade structures. Between 1988 and 1990, the number of Osprey young produced
on KSC ranged from 35 to 44 individuals (Busacca et al. 1991). The closest known
nesting site is about 5 km (3.1 mi) south of Launch Complex 41.

Bobcats (Lynx rufus) are also listed by the convention on International Trade in
Endangered Species of Wild Flora and Fauna. Bobcats are reportedly common in scrub,
strand, and ruderal grass habitats at KSC (NASA 1994).
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In addition to the 21 species listed in Table 3-6, FWSlists 5 speciesof whale as
endangered:

• Finback (Balaeroptera physalus)

• Humpback (Megaptera novaeangliae)

• Northern right (Eubalaena glacialis)

• Sei (Baeaenoptera borealis)

• Sperm (Physeter catodon)

These whales occur in the coastal waters near CCAS. The National Marine Fisheries

Services under the National Oceanic and Atmospheric Administration is proposing to

designate a critical habitat area for the northern right whale (Eubalaena glacialis) pursuant
to the Endangered Species Act. The habitat proposed for designation involves the water
adjacent to the coast of Georgia and Florida, which includes the Cape Canaveral area
(58 FR 29186).

3.1.7 Socioeconomics

3.1.7.1 Population

Major population centers within 97 km (60 mi) of KSC/CCAS include Orlando,
Daytona Beach, Titusville, and Melbourne (see Figure 3-1).

The U.S. Census Bureau has designated three Metropolitan Statistical Areas (MSAs)
within the region--Orlando MSA (Orange, Osceola, and Seminole Counties), the Daytona
Beach MSA (Volusia County), and the Melbourne-Titusville-Palm Bay MSA (Brevard
County) (ECFRPC 1991a). The population in Lake County, although growing faster than
the State average, is split between many small- to medium-sized municipalities and rural
areas.

The regional population grew at a faster rate from 1980 to 1990 than the State.
The region grew by 49 percent (1,336,495 to 1,994,542); the State only grew by
32.7 percent (9,746,324 to 12,937,926). By the year 2000, it is anticipated that
2,575,400 people will be living in the region (a 29.1-percent increase) (ECFRPC 1991a).

The population in Brevard County (the location of CCAS) for 1990 was 398,978, a
46.2-percent increase since 1980.

All counties are expected to experience population increases through the year

2000. Orange County is expected to remain the most populated county, growing to
843,600 in the year 2000 (a 24.5-percent increase from 1990), followed by Brevard
County, with an increase to 533,600 (a 33.7-percent increase) (ECFRPC 1991a).

Of the approximately 2 million people in the region in 1990, about 86 percent were
white, 11 percent black, 2 percent Native American/Eskimo/Aleut/Pacific Islander/Asian,
and the remaining 1 percent not falling into any of the above racial categories (ECFRPC
1992b). About 6 percent of the total 1990 population was of hispanic origin (across all
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races). About 9 percent of the regional population (about 189,000 people) lived within
32 km (20 mi) of the Titan IV and Shuttle launch complexes at CCAS/KSC. The racial
composition reflected the overall regional population as 88 percent white, 10 percent black
and 2 percent falling into the remaining two categories. Hispanic representation was
about 6percent across all races. The uncontrolled population area nearest the launch
complexes is about 16 km (10 mi) to the southeast, and contained less than 2 percent of
the total regional population. Racial composition was approximately 97.5 percent white,
1.0 percent black and 2 percent divided amongst the remaining two categories; about
2 percent were of hispanic origin (across all races).

3.1.7.2 Economy

The region's economic base is tourism and manufacturing. Regional tourism now
attracts more than 20 million visitors annually. Walt Disney World and Sea World, near
Orlando, along with KSC, are among the most popular tourist attractions in the State
(ECFRPC 1992a).

Economic sectors providing significant employment include services, with 301,300
employees (34.9 percent of total non-agricultural employment); retail trade, with 183,900
(21.3 percent); government, with 113,800 (13.1 percent); manufacturing, with 94,200

(10.9 percent); construction, with 48,300 (5.6 percent); finance and real estate, with
43,000 (5.0 percent); wholesale trade, with 41,200 (4.8 percent); and transportation and
public utilities, with 38,000 (4.4 percent) (ECFRPC 1991a).

At the beginning of 1991, 984,434 people were employed in the region (863,800
non-agricultural and 120,634 agricultural). A total of 593,796 people were employed in
Orange, Seminole, and Osceola Counties, 180,491 in Brevard, 153,720 in Volusia, and
56,427 in Lake (ECFRPC 1991a). The unemployment rate for the region at the beginning
of 1991 was 6.6 percent (a 22-percent increase from the 1990 rate of 5.3 percent), with
Lake County (8.2 percent) having the highest unemployment rate of the six counties
within the region (ECFRPC 1991a).

The current employment pool at CCAS comprises military and civilian personnel, all
associated with the U.S. Air Force. Military personnel are assigned to Patrick Air Force
Base (PAFB), approximately 15 miles away from the duties they perform at CCAS. Most
people employed on base are contractor personnel from companies associated with the
missile testing and space launch operations. As of September 30, 1990, the total
economic impact of PAFB on the region within a 50-mile radius of the base was estimated
at $590,103,976. In addition, as of September 30, 1990, 4,281 secondary jobs were
created within the region, and local employment, supported by annual expenditures to
operate PAFB, was estimated at 16,425 (PAFB 1990).

At the end of September 1993, 18,253 personnel were employed at KSC. This
population included contractor, construction, tenant, and permanent civil service
employees (NASA 1994).

The 1990 median annual household income across the six-county region ranged
from $7,237 to $76,232, with both ends of the range occurring in Orange County
(ECFRPC Undated-b). Within 32 km (20 mi) of the launch complexes, the median income
ranged from $10,940 to $55,606 with most of the census tracts within this area

3-37



recordingmedianincomesin excessof $25,000. At the nearestuncontrolledpopulation
area(16 km [10 mi]) from the launchcomplexes, the medianincomewas $34,000.

3.1.7.3 Transportation

The region's road network includes five major limited access highways:
Interstate 4, Interstate 95, Florida's Turnpike, the Spessard L. Holland East-West
Expressway, and the Martin L. Andersen Beeline Expressway. In addition, numerous
Federal, State, and county roads are located in the region (ECFRPC 1992a). Primary
highways serving CCAS include Interstate 95, US-l, State Route (SR)-A1A, and SR-520.
CCAS is linked to the highway system by the south gate via SR-A1A, NASA Causeway,
and General Samuel C. Phillips Parkway (see Figure 3-3). Road access to KSC is from
SR-3 and Phillips Parkway from the south, NASA Causeway (SR-405) and the Beach Road
(SR-406) from the west, and Kennedy Parkway from the north. All roads to KSC have
control access points which are manned 24 hours per day, seven days a week (NASA
1994).

Rail service for freight is available in all six counties, although passenger service is
limited. Rail transportation in the KSC/CCAS area is provided by Florida East Coast

Railway. A mainline traverses the cities of Titusville, Cocoa, and Melbourne. Launch
Complexes 40 and 41 are serviced by a branch line from Titusville through KSC (see
Figure 3-2).

The region has three major airports: Orlando International Airport, already the 43rd
busiest airport in the world in number of passengers, Daytona Beach Regional, and
Melbourne Regional (ECFRPC 1992a). Melbourne Regional Airport, the closest air
transportation facility of the three, is located 48 km (30 mi) south of CCAS (see
Figure 3-2). CCAS contains a skid strip used for Government aircraft and delivery of
launch vehicles. Any air freight associated with the operation of Launch Complexes 40
and 41 arrives at the CCAS skid strip.

Port Canaveral, the nearest navigable seaport, has approximately 480 m (1,600 ft)
of dockage available at existing wharf facilities.

3.1.7.4 Public and Emergency Services

A mutual agreement exists among the city of Cape Canaveral, KSC, and the range
contractor at CCAS for reciprocal support in the event of an emergency or disaster (USAF
1990).

Health care in the region is provided at 28 general hospitals (6,600 beds total), 3
psychiatric hospitals, and 2 specialized hospitals. Medical services for CCAS are provided
primarily at the Air Force Space Command Hospital at Patrick Air Force Base and at
Wuesthoff Hospital and the Parrish Medical Center, which are both located outside of
CCAS in the vicinity of Cocoa Beach. The two offsite hospitals have a total of 458 beds.

CCAS is also equipped with a dispensary, which is located in the industrial area. The
medical personnel at the dispensary are employed by a private company, under contract to
NASA (USAF 1990). Medical services are provided at KSC by an occupational health

facility and an emergency aid clinic.
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Recreationalfacilities in the CCAS,which are for basepersonnelonly, are located in
the industrial and port areasand include a fitness center, softball field, picnic pavilion, a
U.S. Navy service club, and a naval recreationfacility. Culturalfacilities on station include
the Air ForceSpaceand Missile Museumand the originalNASA mission control, which are
all located at the southernportion of the base. Off-base military and civilian personneluse
recreationaland cultural facilities availablewithin the communities. A Visitor Information
Center is located in the southwest portion of KSC. Nopublic school facilities arepresent
on CCAS/KSC(USAF1990).

Nearly90 percent of the people in the six-county region rely on public systems for
potable water. CCASobtains its potablewater from the city of Cocoawater system
undera contract and uses 11.3 million liters (3 million gallons)per day (USAF 1990). The
Cocoawater system draws its suppliesfrom the FloridanAquifer. The onsite water
distribution systems aresizedto accommodatethe short-term high-volumeflows required
by the launchdeluge system. To support launches,the distribution system at CCASwas
constructed to provide up to 30,000 gal/min for 10 min (USAF1990). DuringaTitan IV
launch, about 1.5 million liters (400,000 gal) of water are used by the delugesystem, the
OVSS,and pad washdown. In comparison,approximately3.3 million liters (863,000 gal)
of water are used for each Shuttle launch.

3.1.7.5 Historic/ArchaeologicResources

There are81 sites within the region that are listed on the National Registerof
Historic Places(DOI1991), 2 on the NationalRegistry of Historic Landmarks,and 1 area
(EmeraldaMarsh)on the NationalRegistryof NaturalLandmarks(48 FR8686).

An archaeological/historicalsurveyof CCASconducted in 1982 determined that
CapeCanaveralhas beeninhabitedfor 4,000 to 5,000 years (USAF1986). The survey
located 32 prehistoricand historic sites and severaluninvestigatedhistoric localities. A
middensite (Br 79) is located nearthe eastern edgeof LaunchComplex39A (NASA
1979). AIIother recordedarchaeologicalsites are located morethan 2 km (1.2 mi) away
from any of the launchsites under consideration. The initial resultsof the field survey
indicatedthat manyof the archaeologicalresourceshad been severelydamagedby the
construction of roads, launchcomplexes,powerlines,drainageditches, and other
excavation. LaunchPads5, 6, 13, 14, 19, 26, 34, the missioncontrol center at CCAS,
and LaunchPads39A and 39B at KSCare all listed on the National Registerof Historic
Places(DOI1991).

3.2 GLOBALENVIRONMENT

This section providesa generaloverview of the global environment, including
populationdistribution and density, generalclimatological characteristics, and surface type
(i.e., ocean, rock, soil) and also briefly discussesthe global atmospheric inventory of
plutonium. The information providedfor global demographicswas extracted primarily from
the World Demographic Update Through 1990 for Space Nuclear System Safety Analysis,
prepared for the U.S. Department of Energy (Halliburton NUS 1992). This document used
worldwide population statistics and other information compiled into 720 cells of equal size.
The cells were derived by dividing the entire Earth from pole to pole into 20 latitude bands

of equal area. Each latitude band was then segmented into 36 equal size cells for atotal
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of 720 cells. Eachof the cells coveredan areaof the Earthequal to 708,438 km2
(273,528 mi2).

3.2.1 Population Distribution and Density

Table 3-7 lists the distribution of the Earth's population across each of the 20 equal
area latitude bands. Figure 3-15 illustrates the land-adjusted population densities within
the latitude bands. These exhibits show that, with the exception of the four more
southern latitude bands, the total population among the bands varies by about one order of
magnitude. The greatest population densities (see Figure 3-13) occur in a relatively narrow
grouping of the four northern bands between latitudes 17 and 44 degrees north (bands 4
through 7).

3.2.2 Climatology

Figure 3-16 illustrates the worldwide climatic types, which range from the perpetual
frost of the polar climates to the dry desert climates.

3.2.3 Surface Types

The worldwide distribution of surface types is an important characteristic in
considering the potential consequences of accident scenarios analyzed for the Cassini
mission. Table 3-7 provides a breakdown of the total land fraction for each of the 20

equal area latitude bands noted previously. The total land fraction was further subdivided
by the fraction consisting of soil cover and rock cover. For the most densely populated
bands (bands 4 through 7), the land fraction varies from about 33 percent (band 7) to
about 45 percent (band 4), with the soil fraction dominating (75 percent in band 4 to
92 percent in band 7).

3.2.4 Worldwide Plutonium Levels

Plutonium (Pu-238), used in the primary fuel for the Cassini spacecraft radioisotope
thermoelectric generators (RTGs), already exists in the environment as a result of
atmospheric testing of nuclear weapons and a 1964launch accident. The following
paragraphs describe the worldwide levels of plutonium in the environment. This

information provides a perspective against which to compare the scope of postulated
incremental releases of plutonium into the environment that could result from a Cassini
mission accident.

During the period 1945 through 1974, above-ground nuclear weapons tests
produced about 1.63 x 1016 Becquerels (Bq) (440,000 curies [Ci]) of plutonium in the
environment (EPA 1977, AEC 1974). About 97 percent (about 1.59 x 1016 Bq

[430,000 Ci]) of this plutonium was Pu-239 and Pu-240, which are essentially identical,
both chemically and with respect to their radiological emission energies. The remainder
(about 3.7 x 10 TM Bq [10,000 Ci]) consisted primarily of Pu-238 (about 3.3 x 10 TM Bq
[9,000 Ci]), along with Pu-241 and Pu-242. (Some of the Pu-238 and -241 has decayed
since the time of release.) Consequently, above-ground nuclear testing is the major source
of worldwide plutonium distribution in the environment.
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Table 3-8 indicates that the Pu-238 in the atmospherefrom weapons tests (about
3.3 x 1014 Bq [9,000 Ci]) was increased by the 1964 reentry and burnup of a Systems for
Nuclear Auxiliary Power (SNAP)-9A RTG, which released 6.3 x 1014 Bq (17,000 Ci). This
release into the atmosphere was consistent with the RTG design philosophy of the time.
(Subsequent RTGs, including the RTGs on the Cassini spacecraft, have been designed to
contain the Pu-238 fuel to the maximum extent possible, recognizing that there are mass
and configuration requirements relative to the spacecraft and its mission that must be
considered with the design and configuration of the power source and its related safety
requirements.) Since 1964, essentially all of the SNAP-9A release has been deposited on
the Earth's surface (AEC 1974). About 25 percent (approximately 1.5 x 10 TM Bq
[4,000 Ci]) of that release was deposited in the northern latitudes, with the remaining

75 percent settling in the southern hemisphere. In April 1986, approximately
3.7 x 1019 Bq (100,000,000 Ci) of various radioisotopes were released to the environment
from the Chernobyl accident (NRC 1987). Approximately 3.0x 1013 Bq (810 Ci) were
Pu-238.

The heat source for the SNAP-27 RTG released from the Apollo 13 spacecraft
during reentry survived impact and has been resting in one of the deepest areas of the
Pacific Ocean, the Tonga Trench, with no evidence of any radioactive release (see
Section 2.2.4.2).

The total plutonium released to the ocean environment by overseas nuclear
reprocessing plants between 1967 and 1987 is approximately 7.4 x 10 TM Bq (20,000 Ci)
(IAEA 1976, NCRP 1987, UNSCEAR 1988). Assuming that 15 percent of the total was
Pu-238 (based upon the 1980-85 fraction in Britain's Sellafield releases), about
1.1 x 10 TM Bq (3,000 Ci) of Pu-238 have been added from these sources, bringing the
total of Pu-238 dispersed into the environment up to about 1.1 x 1015 Bq (29,810 Ci).

TABLE 3-8. MAJOR SOURCES AND APPROXIMATE AMOUNTS OF PLUTONIUM-238
DISTRIBUTED WORLDWIDE

Amount

Sources (Becquerels [curies])

Atmospheric Testing 1945-74
Deposited near testing sites and 3.3 x 1014 (9,000)
worldwide

Space Nuclear- SNAP-9A, 1964 6.3 X 10 TM (17,000)

Overseas Nuclear Reprocessing Plants, 1.1 x 10 TM (3,000)
1967-1987 (estimated; see text)

Chernobyl Nuclear Power Station, 1986 3.0 x 1013 (810)

Total a 1.1 x 1015 (29,810)

a.

Source: updated from DOE 1980

The heat source for the SNAP-27 RTG from Apollo 13 landed intact in the Tonga Trench of
the Pacific Ocean. The inventory of this RTG has not been included in the worldwide total
because there have been no indications of release from this RTG; hence, it is considered
unavailable to the biosphere (DOE 1980).
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4. ENVIRONMENTALIMPACTS

This section presents informationon the potential environmentalimpacts of the
ProposedAction, the 1999 missionalternative, the 2001 missionalternative, and the No-
Action alternative, which were presentedin Section 2. The impacts areexaminedfor two
areas,defined in Section 3 as the affected environment: 1) the regionalarea, including the
six-county regionsurroundingCapeCanaveralAir Station (CCAS)and KennedySpace
Center (KSC)and 2) the global area.

The impacts that would be associatedwith the preparationsfor a normal launchof
the Cassinispacecraft aboardthe Titan IV expendablelaunchvehicleconfigured with
either the conventional steel cased, 7-segmentSolid RocketMotors (SRMs),or the 3-
segmentgraphite-compositecasedSolid RocketMotor Upgrades(SRMUs)have been
addressedin previousU.S. Air Force(USAF)National EnvironmentalPolicyAct (NEPA)
documentation(USAF 1986, USAF 1990). Additional NEPAdocumentationwas prepared
for the Titan IV activities in 1988 (USAF1988a, USAF 1988b). TheTier 2 Galileo
EnvironmentalImpact Statement (EIS)(NASA 1989b), the Tier 2 UlyssesEIS (NASA
1990), the KennedySpaceCenter(KSC)EIS (NASA 1979), and the KSCEnvironmental
Resources Document (NASA 1994) were also used to prepare this section. The impacts
associated with a normal Shuttle launch are well known and have been addressed in other
NEPA documentation (NASA 1989b, NASA 1990).

Sections 4.1 (Proposed Action) and 4.2 (1999 mission alternative) describe the
environmental impacts associated with launch and an Earth-gravity-assist (EGA) trajectory.
Section 4.3 (2001 mission alternative) presents the environmental impacts for launch and

a non-EGA trajectory, and Section 4.4 discusses the No-Action alternative.

4.1 ENVIRONMENTAL IMPACTS OF THE PROPOSED ACTION

The Proposed Action is to prepare for and implement the Cassini mission, launching
the Cassini spacecraft on aTitan IV(SRMU or SRM)/Centaur. The primary opportunity is
in October 1997 with contingency opportunities in December 1997 and in March 1999.
The October 1997 primary launch opportunity would put the spacecraft on a Venus-
Venus-Earth-Jupiter-Gravity-Assist (VVEJGA) to Saturn, and the secondary and backup
opportunities would utilize Venus-Earth-Earth-Gravity-Assist (VEEGA) trajectories.

Sections 4.1.1 through 4.1.3 address the impacts of a normal launch of the Cassini
spacecraft onboard the Titan IV (SRMU or SRM)/Centaur launch vehicle. The impacts
addressed for a normal launch would apply to any of the Proposed Action launch

opportunities (i.e., primary, secondary, and backup). Section 4.1.4 discusses accidents
involving nonradiological impacts for the Proposed Action. Sections 4.1.5 through 4.1.9
discuss the potential launch accidents that could result in a release of plutonium dioxide
fuel from the Cassini radioisotope thermoelectric generators (RTGs) and the consequences
of the accidents. These sections also address the possibility for both short- and long-term
inadvertent reentries.
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4.1.1 Environmental Impacts of Preparinq for Launch

The Cassini Orbiter (i.e., the spacecraft without the Huygens Probe) would be

assembled at the Jet Propulsion Laboratory (JPL) in Pasadena, California. The assembly
consists of routine industrial activities and testing of spacecraft systems in JPL's
Spacecraft Assembly Building. During assembly, the spacecraft would be inert (i.e., no
propellants, pyrotechnics, RTGs, or RHUs would be onboard); therefore, no anticipated
environmental impacts of any consequence would be associated with these activities.

Once assembly and testing is completed, the Orbiter would be delivered to the
Payload Hazardous Servicing Facility (PHSF) at the KSC. The Propulsion Module
Subsystem would be delivered separately first by its contractor to the Spacecraft
Assembly and Encapsulation Facility (SAEF2) at KSC, where it would be fueled and

pressurized before being delivered to the PHSF. The Huygens Probe would be assembled
in Europe and transported by the European Space Agency (ESA) to the PHSF at KSC. At
the PHSF, the entire spacecraft (including the RTGs, RHUs, and the High Gain Antenna
from the Italian Space Agency) would be integrated and tested (JPL 1993d).

The RTGs would then be removed from the spacecraft and delivered to the RTG
storage facility at KSC. The RTGs would later be integrated with the spacecraft on the
launch pad, at either Launch Complex 40 or 41 at CCAS (JPL 1993d).

The RTGs and RHUs would be transported to KSC by the U.S. Department of
Energy (DOE) from DOE's Mound Plant in Miamisburg, Ohio. Prior to final assembly at
Mound, the RTGs would exist as separate components. The RTG and RHU manufacturing
process is initiated at DOE's Savannah River Site in Aiken, South Carolina, where the
plutonium dioxide used as fuel is chemically processed. The plutonium dioxide powder is
then shipped from Savannah River to Los Alamos National Laboratories in New Mexico

where the powder is formed into pellets suitable for use in the RTGs and RHUs. The
pellets are encapsulated in iridium cladding (for the RTGs) or in platinum-rhodium cladding
(for the RHUs) at Los Alamos and prepared for shipment to Mound Plant. The electrical
units (the aluminum outer shell) used for the RTGs are assembled by Martin Marietta
(formerly General Electric) in Pennsylvania. All components are shipped to Mound, where
final assembly of the RTGs takes place. Final assembly of the RHUs occurs at Los
Alamos. The impacts of these manufacturing activities have been addressed in existing
DOE NEPA documentation, Environmental Assessment for Radioisotope Heat Source Fuel
Processing and Fabrication (DOE 1991 ).

Industrial activities at CCAS associated with integrating the Cassini spacecraft with
the Titan IV would involve the use of solvents to clean parts and tools. In compliance with
the Clean Air Act (CAA) and the State of Florida permitting requirements, the USAF uses
only appropriate chemicals for these activities. In addition, small quantities of hazardous
waste generated by the pre-launch activities would either be recycled or disposed of
properly.

Processing the launch vehicle prior to launch (e.g., receipt of components,

inspection, storage, assembly, testing, and transport to the launch pad) would generate
noise primarily in the Titan Integrate-Transfer-Launch (ITL) area (see Figure 3-3) and at
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LaunchComplex40 or 41 (USAF 1990). Noise levelsrangingfrom about 88 decibels
A-weighted (dBA)to 100 dBA (at the source)would begeneratedby diesel locomotives
and cranes involved in pre-launchactivities. At a distanceof about 120 m (400 ft), these
levelswould decreaseto 55 to 70dBA. Offsite populationswould not be adversely
affected by pre-launchnoise, and workers at the ITL in and aroundthese types of noise-
producingactivities would be protected by appropriateprotective equipment.

The following activities are associatedwith preparationsfor the launchof the
mission:

• Post-test spacecraft mechanical assembly; integration of RHUs with both the
Orbiter and the Huygens Probe

• Integration of Huygens Probe to the Orbiter to complete the Cassini spacecraft

• Integration of the spacecraft with the Titan IV (SRMU or SRM)/Centaur at CCAS

• Installation of RTGs 2 to 4 days prior to launch

Pre-launch activities at CCAS, including fueling of the Cassini spacecraft,
Titan IV core launch vehicle, and Centaur and other activities up to Time Zero
(T=0 s), when the SRMUs or SRMs are ignited and the launch vehicle with the
Cassini payload begins to lift off from CCAS.

Pre-launch activities would take place primarily within the buildings of the Titan ITL
(see Figure 3-3) area and at Launch Complex 40 or 41 (see Figure 3-4). These activities
would result in the release of treated industrial and nonindustrial (sanitary) wastewaters

from the Titan ITLarea and Launch Complex 40 or 41. These releases would be subject
to State of Florida permits and permit requirements. The treated nonhazardous

wastewaters would be released to percolation ponds, where they would infiltrate the soils
and eventually be transported toward the Banana River (USAF 1986, USAF 1988b, USAF
1990). Stormwater runoff at the ITLand at the launch complex would be collected and

transported separately for release directly to the Banana River, under permit by the
St. Johns River Water Management District. No substantial long-term impacts on surface
water quality are expected from these pre-launch activities.

Prior to the launch, Aerozine-50 (a hydrazine-based fuel) and nitrogen tetroxide
(written as NTO or N204) fuel vapors could escape during vehicle fueling or during filter
changeout and system maintenance (USAF 1986, USAF 1988b, USAF 1990). The USAF
designed and installed a fuel vapor incinerator system (FVlS) to collect and burn

Aerozine-50 vapors resulting from bulk propellant transfer (e.g., Titan IV fueling). In
addition, an oxidizer vapor scrubber system (OVSS) was designed to control NTO vapor
releases. Air pollution permits have been granted for the FVlS and OVSS units at Launch
Complexes 40 and 41 (Willard 1994).

Personnel would be potentially exposed to external radiation during the
transportation and handling of the RTGs and RHUs before launch. Radiation exposure
levels would be monitored to ensure that the doses were within acceptable limits and that

4-3



installationprocedureswere carefully implementedso that the expectedexposurelevels
would be as low as reasonablyachievableand would not exceed0.05 Sievert/yr
(5 rem/yr).

Pre-launchactivities associatedwith the Cassinimissionwould not adverselyaffect
the terrestrial environment. Theseactivities (e.g., receipt of components, storage,
assembly,and testing) would take placeprimarily insidebuildingswithin the ITLarea.

In summary, completing preparations,including the pre-launchactivities for the
Cassinimission shouldnot adverselyaffect either CCASor the surroundingareas.

4.1.2 Environmental Impacts of a Normal Launch of the Cassini Spacecraft Usinq a
Titan IV (SRMU or SRM)/Centaur

The environmental impacts that would be associated with a normal launch of the
Cassini spacecraft on a Titan IV expendable launch vehicle with a Centaur upper stage,
discussed in this section, are expected to be the same for any of the Proposed Action
launch opportunities. The environmental impacts include potential impacts on land use, air
quality, noise, water, biological resources, socioeconomics, and historical/archeological
resources. This section also summarizes the impacts of radiation exposure.

The following subsections address the anticipated impacts associated with launch
of the Cassini spacecraft onboard the proposed launch vehicle, the Titan IV expendable
configured with two SRMUs, the latest strap-on solid rocket boosters, and a Centaur upper
stage. Because NASA may decide at some point to use the conventional strap-on booster,
the SRM, launch impacts using a Titan IV configured with the SRM are also addressed. As
noted in Section 2.2.6, the two types of solid rocket motors are somewhat different with

respect to characteristics that could affect the magnitude of anticipated impacts
associated with a normal launch and with the accident environments that could impinge

upon the spacecraft's three RTGs. These differences are briefly summarized in Table 4-1.

The differences between the two solid rocket motors are primarily quantitative

differences in the anticipated impacts associated with a normal launch wherein the solid
rocket motors and their exhaust products are the principal drivers. In that regard, the
following discussions of normal launch impacts associated with the Proposed Action focus
on the SRMU-equipped launch vehicle, followed by a relative comparison of the impacts
that would be associated with use of the conventional SRM booster on the Titan IV.

4.1.2.1 Impacts on Land Use

The launch of the Cassini spacecraft from either Launch Complex 40 or 41 at CCAS
would be entirely compatible with the uses designated for the Titan launch complex and
CCAS (see Section 3.1.1). CCAS was established in the 1950s to provide launch,
tracking, and support facilities for the Department of Defense (DOD), NASA, and other

user programs (USAF 1986, USAF 1988b, USAF 1990). Launch Complexes 40 and 41
were constructed in 1963 and 1964 to support the launching of Titan boosters at CCAS
(USAF 1990). Launch Complex 40, which has been used since 1964, was recently
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TABLE 4-1. CHARACTERISTICS OF THE TITAN IV SRMU ANDSRIVI

Characteristics SRMU SRM

Number of Segments 3 7

Type of Casing Graphite fiber, with Steel, with steel nose cone
aluminum nose cone

Fuel Load (2 motors) 626,204 kg (1,380,000 Ib) 536,364 kg (1,180,000 Ib)

Type of Fuel

Lift Capacity

Exhaust Emissions

(% by weight)

Aluminum oxide (AI203)
Carbon monoxide (CO)

Carbon dioxide (CO 2)

Chloride (CI2)
Iron chloride (FeCI 2)
Hydrogen chloride (HCl)
Hydrogen (H 2)
Water (H20)
Nitrogen (N 2)
Nitrogen oxides (NO x)

Hydroxyl terminated
polybutadiene binder
(HTPB)
(88-89% solids--aluminum
and ammonium perchlorate)

22,680 kg (50,000 Ib) to
LEO; 5,773 kg (12,700 Ib)
to geosynchronous orbit

Polybutadiene acrylonitrile
binder (PBAN)
(84% solids--aluminum
and ammonium

perchlorate)

18,140 kg (40,000 Ib) to
LEO; 4,545 kg (10,000 Ib)
to geosynchronous orbit

35.88
21.93

2.49
0.25
0.00

21.14
2.21
7.69
8.34

<0.01

30.45
27.50

2.97
0.05
0.39

20.67
2.48
6.97
8.50

<0.01

Sources: USAF 1990, JPL 1994a
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upgradedalongwith LaunchComplex41 to handlethe Titan IV launch vehicleequipped
with the heavier,more powerful SRMU(USAF 1990). LaunchComplex41 was used for
Titan launchesfrom 1964to 1977. Reactivatedin 1986, it was upgradedspecifically to
accommodateTitan IV launches(USAF 1986) with additionalupgradingto accommodate
the Titan IV (SRMU)combination (USAF 1990). The launchof the Cassinispacecraft from
either LaunchComplex40 or 41, therefore, would not impact existing land uses, nor
would it adverselyaffect or precludeany plannedfuture usesof the Titan launch
complexesat CCAS.

The impacts on land usewould not vary betweenan SRMU-or an SRM-equipped
Titan IV launch vehicle.

4.1.2.2 Impacts on Ambient Air Quality

Impacts to ambientair quality would arise largely from the exhaust cloud formed
nearthe launchpad in the first few secondsafter SRMU's ignition at T = 0 seconds. The
cloud will consist of the SRMUexhaust products releasedprimarily during the first 6 or 7
secondsafter ignition (USAF 1990). It is during this period when the launchvehiclewould
be slowly lifting off the launch pad and emitting more SRMUexhaust products perunit
distancetraveled than at any other time during the launchof the Cassini spacecraft. After
the first lOseconds (T + 11 seconds),the vehiclewould have clearedthe launchsite and
would be acceleratingrapidly away. Forthe purposesof this EIS, it is conservatively
assumedthat the first 10 secondsof SRMUburn is the principalcontributor to the exhaust
cloud. Table 4-2 providesestimatesof the amount of SRMUfuel (and SRMfuel) typically
burnedover time incrementsextending from ignition at T = 0 secondsto the end of the
SRMUburn at T + 146 secondsat which time the SRMUcasingswould be jettisoned.
(TheSRMburn would be completeatT + 126 seconds,at which point the SRMcases
would be jettisoned.)

Lookingat only the first 10 secondtime interval (0 to 10 s), a total of about
51,469 kg (113,232 Ib) of solid propellant would have beenburnedby the two SRMUsin
lifting the launchvehicle and its Cassini payloadclear of the launchsite. Usingthe typical
composition of SRMUexhaust products listed in Table 4-1, the amount of each product
produced in the first 10 secondsafter ignition can be approximatedasfollows:

• AI203 18,467 kg (40,627 Ib)

• CO 11,287 kg (24,831 Ib)

• CO 2 1,282 kg (2,820 Ib)

• CI 2 129 kg (284 Ib)

• HCI 10,880 kg (23,937 Ib)

• H 2 1,137 kg (2,501 Ib)

• H20 3,958 kg (8,708 Ib)

• N 2 4,293 kg (9,445 Ib)

• NO x <5 kg (<11 Ib)
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These products found in the exhaust cloud are the principal contributors to local
impacts on ambient air quality following a Titan IV launch. The USAF provided extensive
discussion of the exhaust cloud and its impacts on air quality in its 1990 Environmental
Assessment (USAF 1990) which are summarized here. It can be readily seen from

Table 4-1 and the above that hydrogen chloride (HCI), aluminum oxide particulates (AI203),
and carbon monoxide (CO) are the principal constituents of the SRMU exhaust, and in
turn, the exhaust cloud.

The cloud would be characterized by high concentrations of exhaust products near
the pad (e.g., the USAF has estimated HCI and AI203 at several thousand ppm), as well as
by high heat and thermal and mechanical turbulence. Under most wind conditions, the
exhaust cloud would begin to rise about 1 minute after SRMU ignition, or at a distance of
about 0.5 km (0.3 mi) from the launch pad (USAF 1990). As the exhaust cloud rises, the
concentrations would drop rapidly due to the turbulent mixing of the buoyant plume and
deposition of larger particles and droplets containing HCI scrubbed from the exhaust cloud,

along with aluminum oxide particulates (AI203)on the launch complex. Measurements of
a Titan III exhaust cloud at an altitude of 0.5 km (1,640 ft) and at a distance of 0.5 km
(0.3 mi) away from the launch pad, yielded peak levels of HCI of 42.6 mg/m 3 (28 ppm).

Allowing for the larger SRMU on a Titan IV, the USAF estimated that HCI concentrations
would exceed 224 mg/m 3 (150 ppm) within 0.6 km (0.4 mi) of the launch pad (USAF
1990).

The HCI in the SRMU exhaust would be largely in a dry form (i.e., the principal
source of water for dissolution of the HCI would be from the deluge water and the
moisture content of the ambient air; the water vapor emissions from the Titan IV main

engines would not be a factor untiIT + 135 seconds when the Stage 1 engine ignites).
Some of the HCI would be converted to hydrochloric acid through mixing with the portion
(about 300,000 I [80,000 gal]) of deluge water vaporized by the heat of the SRMU
exhaust. The larger droplets of the HCI aerosol would tend to quickly rain out of the
exhaust cloud near the launch pad. Biological monitoring of a 1989Titan IV launch (using
conventional SRMs) at Launch Complex 41 determined that no wet deposition fell outside
the perimeter fence, located about 183 m (about 600 ft) from the center of the launch
complex. Because the SRMU would burn only slightly more fuel in the first 10seconds
than the conventional SRM (Table 4-2), it is reasonable to assume that the area of acid
deposition from an SRMU launch should be about the same as that determined for the
earlier launch from Launch Complex 41.

The exhaust cloud would rise and mix with the ambient air, further reducing the
ambient concentrations, and the cloud would begin to disperse while being transported
downwind. If offshore land breezes (toward the Atlantic Ocean) are in effect at the time

Cassini would be launched, they would tend to push the exhaust cloud out over the ocean.
This would generally be the case with an early morning launch. If, however, the land
breezes were not blowing at the time of launch during any of the Proposed Action launch
opportunities (primary--October 1997, secondary--December 1997, backup--March
1999), seasonal prevailing winds (Figure 3-7) could tend to push the cloud back over land.
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Conservative USAF modeling of HCI concentrations (assuming all HCI in the

exhaust was gaseous with no reduction in levels from droplet fallout near or on the launch

pad) has estimated that at distances beyond about 0.6 km (0.4 mi) the concentrations of

HCI would drop rapidly to about 18.2 mg/m 3 (12 ppm) at 5 km (3.1 mi) from the launch

pad (USAF 1990). As a means of comparison, the National Research Council Emergency

Exposure Level for worker populations is 30.4 mg/m 3 (20 ppm) for continued performance

of tasks under emergency conditions for periods lasting from 1 to 24 hours (AIHA 1989).

The National Institute for Occupational Safety and Health (NIOSH) and Occupational Safety

and Health Administration (OSHA) have an exposure ceiling limit of 7 mg/m 3 (5 ppm) for

worker populations. The 1-Hour, Short-Term Public Emergency Guidance Level for the

public recommended by the National Research Council is 1,52 mg/m 3 (1 ppm) for HCI.

Using the Rocket Effluent Exhaust Dispersion Model (REEDM), the USAF estimated

the ground-level concentrations beyond the CCAS property boundary of HCI and

particulates (AI203) emitted from a Titan IV (SRMU) launch using meteorological scenarios

typically encountered at CCAS (USAF 1990). The exhaust concentrations were developed

for the conventional SRM and then scaled up for the larger SRMU. The REEDM predicted

that the maximum HCI concentrations at the nearest uncontrolled area, about 12 km

(7.5 mi) from the launch pad would, for each of the meteorological scenarios modeled, be

well below the 1-Hour, Short-Term Public Emergency Guidance Level of 1.5 mg/m 3

(1.0 ppm) recommended by the National Research Council. The highest 1-hour

concentration in offsite areas was predicted to be 0.33 mg/m 3 (0.22 ppm) (summer, light

wind scenario) (USAF 1990).

Acidic precipitation would be possible if rain showers occur in the area shortly after

launch, with rain falling through the exhaust cloud containing high concentrations of HCI.

One such event was recorded in 1975 following the launch of a Titan III from CCAS

(USAF 1990). In this instance, rain showers fell through the exhaust cloud resulting in

acidic precipitation of pH = 1 about 5 km (3.1 mi) from the launch site. At a distance of

about 10 km (6 mi), the pH had risen but was still very acidic at a pH = 2. (A pH of 7 is

neutral.) Such an event is not expected with launch of the Cassini spacecraft. Current

launch rules preclude launches when rain clouds are in the launch area.

The emissions of the other dominant exhaust products, particulates (AI203) and

CO, are not expected to result in any substantial impact on the local environment. Release

of these materials to the atmosphere by factories and other stationary sources is regulated

under the Clean Air Act (CAA). The CAA regulations are designed for stationary sources

that emit pollutants on a continuous basis. Thus, a comparison of a Titan launch, which

emits exhaust products from a rapidly moving rocket constantly gaining altitude, with CAA

emissions standards is useful, but should be viewed with these limitations in mind. EPA

has established National Ambient Air Quality Standards (NAAQS) for emissions from

stationary sources including particulates, CO and NO x. The NAAQS for particulates and

CO can be used to gauge the effects of a Titan IV (SRMU) launch on ambient air quality.

Estimation by the U.S. Air Force, using the REEDM model, of the maximum

particulate levels in downwind areas at distances beyond the nearest CCAS propertv line,

12 km (7.5 mi) from the launch site (USAF 1990) also indicated that the NAAQS for

particulates would not be exceeded. The respirable particulate (e.g., PM-10) levels
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estimated by the Air Force were 0.025 mg/m 3 (25 pg/m3), substantially below the NAAQS

of 0.15 mg/m 3 (150/Jg/m3). The Air Force analysis further assumed that if all the
particulates generated by the Titan IV (SRMU) were in the respirable size range, and
occurred at a time when the highest recorded ambient total particulate levels in the
Titusville/Merritt Island area were also occurring (104 pg/m 3 in 1986), the maximum
predicted respirable particulate concentration would be 129 pg/m 3, still below the NAAQS

for respirable particulates.

While the Air Force did not model carbon monoxide emissions, useful comparisons
can be made with the air emissions modeling performed for what would have been
NASA's Advanced Solid Rocket Motor (ASRM) (NASA 1989a). Although the ASRM

program has been discontinued, modeling of the air quality impacts of a 2-minute static
test firing of a single fully-fueled ASRM (544,218 kg [1.2 million Ib] of HTPB fuel) using
the same formulation fuel as the SRMU, indicated that on a time-averaged basis, neither
the NAAQS for CO (40 mg/m 3 [35 ppm] averaged over 1 hour) or respirable particulates
(150/Jg/m 3averaged over 24 hours) would have been exceeded in offsite areas. Given
that the fuel inventory of the single ASRM would have been only slightly less than that of
two SRMUs, when combined with the fact that the SRMUs would emit ground-level
exhaust products for only a few seconds versus the 2-minute ASRM static test ground-
level releases, it is reasonable to assume that launch of the Cassini mission would result in
CO or particulate levels well below the respective NAAQS standards. In fact, if one were
to compare the total exhaust emissions from an SRMU-equipped Titan IV to the
troposphere (i.e., to an altitude of about 10 to 15 km [about 33,000 to 49,000 ft] attained
in about 50 seconds by the SRMU-equipped Titan IV), it can be determined from Table 4-2
that the SRMU would burn about 77 percent less fuel than the ASRM static test. Thus,
using the same time-weighting approach, it would also be reasonable to assume that the
SRMU-equipped Titan IV exhaust would not reach the CO or particulate NAAQS
throughout the entire troposphere.

Therefore, the launch of the Cassini spacecraft onboard the Titan IV
(SRMU)/Centaur would not have an adverse impact on air quality in offsite areas and, in
fact, would be well below the NAAQS standards for stationary sources. In addition,
meteorological conditions would be monitored prior to launch, with site-specific models
used to predict areas where rocket exhaust emissions could potentially reach adverse
levels for on-base and off-base populations. These evaluations would affect the decision
to launch on a given day.

Given that an SRM-equipped Titan IV would burn slightly less fuel than an SRMU-
equipped Titan IV in the first 10 seconds after ignition (Table 4-1), and considering the
differences in the fuel formulations and exhaust products (Table 4-1), the exhaust cloud
would be somewhat smaller, with about the same amount of HCI (10,524 kg [23,153 Ib])
as the SRMU exhaust cloud (10,880 kg [23,937 Ib]). The amount of carbon monoxide
would be about 24 percent greater, while particulate levels would be about 16 percent

less. Thus, overall, there should be little difference in impacts on ambient air quality if an
SRM-equipped Titan IV is used to launch Cassini.

When viewed in the context of other launches and ongoing operations at CCAS,
Cassini would be one contributor to air emissions generated at CCAS, as well as in the
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region. On a cumulative basis, the relatively short-term Cassini launch event would not

substantially affect the long-term air quality in the region.

4.1.2.3 Impacts on the Upper Atmosphere

As the launch vehicle trajectory passes through the atmospheric layers, the exhaust

emissions from the solid rocket motors, the Titan IV main engines and the Centaur will be

distributed along the flight path into the upper atmosphere. The SRMU's emission

products were previously discussed in Section 4.1.2.2. The Titan IV liquid-fueled main

engines emit predominately 41-percent N2, 35-percent water, and 18-percent CO 2, with

the remaining 6 percent consisting of CO, molecular hydrogen (H2), molecular oxygen

(02), and even smaller amounts of NO x and hydroxide ion (OH-). The Centaur main engine

exhaust consists primarily of water because the fuel is liquid oxygen and liquid hydrogen

(Martin Marietta 1992).

The impacts of concern from the emissions of solid- and liquid-rocket propellants

unto the upper atmosphere include the potential effects of the exhaust gases on regional

weather, global warming, and the incremental contribution of these emissions to ozone

(03 ) depletion. The types and magnitudes of potential effects are all very small but differ
depending on which atmospheric layer they are deposited in (AIAA 1991). NASA

continues to pursue an intensive research program to evaluate the impacts of high-altitude

aircraft on the upper troposphere and the lower stratosphere. This research will ultimately

help to further assess the effects of launch exhaust plumes in this region of the

atmosphere and their respective impacts (AIAA 1991).

Measurements of the effects of rocket exhausts on the upper atmosphere are

sparse and difficult to conduct; therefore, models are commonly used to predict the

potential effects. The accuracy of the models is limited by the difficulty in modeling

simultaneous and complex chemical reactions concurrently with three-dimensional

stratospheric transport effects. Two-dimensional models usually characterize the

chemistry more accurately than the atmospheric transport and circulation effects; three-

dimensional models are more accurate in predicting transport effects but less

comprehensive in assessing chemical effects (i.e., they generally include fewer

constituents and less complex chemistry). Current research in this area is focused on the

inclusion of heterogeneous phase chemistry in three-dimensional models to obtain better

resolution of atmospheric chemical and transport processes in model studies. At the

current time, however, this research is incomplete and the results are inconclusive. It is

anticipated that the incorporation of these techniques in the numerical models will improve

the ability of the models to more accurately simulate and thus better support the current

observational stratospheric data sets (Jackman 1994, AIAA 1991).

When evaluating the potential effects of rocket exhaust on the environment, it is

important to understand that the effects differ depending on the atmospheric layer where

the emissions occur (AIAA 1991). The Earth's atmosphere can be considered a sequence

of strata, with boundaries defined by the relative temperature differentials among them.

The principal layers of interest would be the troposphere and the stratosphere, as

discussed in Section 3.1.2.1. Spacecraft launches are initiated within the troposphere

(where the exhaust cloud is formed). Section 4.1.2.2 addresses ambient air impacts in
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this layer. In the troposphere, the operation of solid rocket motors could affect local or
regional climatic patterns. In the stratosphere, the potential reduction in the ambient
concentration of ozone is a concern.

Effects of Exhaust Gases on the Troposphere

The troposphere is the portion of the atmosphere that most affects the incoming
sunshine and outgoing thermal (infrared) radiation from the Earth's surface. In the
troposphere, the presence or absence of clouds, either from natural processes or from
artificial cloud "seeding" (nucleation), has a major climatic effect. Cloud formation may be
initiated or enhanced by the presence of cloud condensation nuclei (CCN) from rocket
exhaust products. Water droplets condense around CCN particles to form clouds and later
precipitation.

The total amount of SRMU exhaust products emitted to the troposphere (including
the exhaust cloud) can be approximated from Table 4-2 by summing over the time interval
from T = O seconds to the 20 to 25-second interval (total = 273,154 kg [600,946 Ib]).

The SRMUs would release both particulates (e.g., AI203 and soot) and gases (e.g., CO,
HCI, CI2, H 2, water vapor [H20], trace hydrocarbons, and NO x) that could affect the
troposphere (AIAA 1991). Table 4-3 provides a breakdown of the total SRMU emissions
to the troposphere (including the exhaust plume), by constituent, using the weight

percentages found in Table 4-1. Launch vehicle exhaust trails, specifically the AI203
particulates and soot, could possibly trigger some cloud formation (like "contrails" from

high-altitude aircraft). The AI203and soot particles could act as CCN in atmospheric
layers with low levels of CCN. It has been postulated that under a highly aggressive and
ambitious Shuttle launch program (e.g., 52 launches per year), the concentration of CCN in
the northern hemisphere's upper troposphere would approximately double (Turco et al.
1982). An increase of this magnitude could lead to increased cloud cover, increased
precipitation, and decreased incoming solar radiation (AIAA 1991). Since launches would
occur infrequently, normal atmospheric processes such as transport and wet and/or dry
deposition could serve to reduce local concentrations of CCN. Thus, no long-term
modifications in local weather patterns are expected to be caused by launch vehicle
operation.

The Earth's unique ability to capture a high percentage of the outgoing long-
wavelength surface radiation has typically been referred to as the greenhouse effect.
Atmospheric gases capable of inhibiting the transmission of long-wavelength radiation are
generally referred to as greenhouse gases. The most effective greenhouse gas is water

vapor (H20) because of its abundance in the free troposphere and its relatively broad
absorption window, which allows water vapor to absorb energy in both the low- and high-
energy bands of the infrared spectrum. Carbon dioxide is the second most important
greenhouse gas, primarily because of its lower concentration and narrow infrared
absorption window. Additional atmospheric trace gases that are considered greenhouse

gases include methane, NO x and assorted chlorofluorocarbons.
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TABLE 4-3. SRMU EXHAUST CONSTITUENTS EMITTED TO THE TROPOSPHERE
(INCLUDES EXHAUST PLUME)

SRMU Constituent

Amount Emitted

kg lib)

AI203 98,008 (217,378)

CO 59,903 (131,787)

CO 2 6,802 (14,964)

CI 2 683 (1,503)

HCI 57,745 (127,039)

H 2 6,037 (13,281 )

H20 21,006 (46,213)

N 2 22,781 (50, 118)

NO x <27 (<59)

With respect to use of an SRM-equipped Titan IV to launch Cassini, it can be
determined by comparing the 0 to 50 second emissions of the SRM with those of the
SRMU (Table 4-2), that the SRM would emit slightly more solid rocket exhaust products to
the troposphere (274,080 kg [602,976 Ib] vs. 273,154 kg [600,946 Ib] for the SRMU).
Because the SRM fuel formulation is different from the SRMUs, the exhaust product
composition is somewhat different also (Table 4-1). Applying the percent composition
against the total weight of SRM fuel burned in the troposphere, it can be determined that
the amount of AI2O 3 particulates from the SRM would be about 15 percent less. Thus,
CCN particles would be less with an SRM, and there would be less tendency for cloud

formation in the SRM exhaust trail. The levels of greenhouse gases (CO 2 and H20) would
also vary, with the SRM producing about 20 percent more CO 2, but about 9 percent less
water than the SRMU. Overall, the impacts of SRMexhaust gases on the troposphere
would not vary greatly from those produced by the SRMU.

Because the Cassini launch would be a singular input of pollutants into the free
troposphere; it is not expected to have a substantial long-term impact on global climate.

The two main greenhouse gases (CO 2 and H20) generated by the Cassini launch are
believed to only contribute minutely to global warming. The amount of CO 2deposited in
the atmosphere by rocket launches is approximately 4 X 10 -5 percent of all anthropogenic

CO 2 and only 5 x 10 .7 percent of total CO 2 production, including natural sources (AIAA
1991). Additionally, another study showed that Shuttle launches were responsible for
adding approximately 8 x 107 kg/yr (17.6 x 107 Ib/yr) of water to the troposphere while
natural processes in the tropics account for the input of 1 x 1012 kg/yr (2.2 x 1012 Ib/yr)
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of H20 (Wayne1991). Therefore, the overall contribution of chemical rocket enginesto
global warming is probably negligible.

Effects of Exhaust Gases on the Stratosphere

The stratosphere is the main ozone production region of the Earth. The ozone in

the stratosphere effectively absorbs incoming ultraviolet (UV) radiation so that the majority
of radiation with wave lengths shorter than 300 nanometers does not reach the Earth's

surface. In the stratosphere, the primary concern associated with launches is the potential
incremental effects of these exhaust gases on the ozone layer. Ozone levels vary widely
and cyclically; they vary by up to 10 percent daily, up to 50 percent seasonally and
latitudinally, and up to 1 percent annually. Eleven-year cycles in ozone levels, which

coincide with Sun spot cycles, also occur. The recent trend in global 03 levels is a 2 to
3 percent decrease in the last 11 years. This is occurring at an average rate of 0.2 to
0.8 percent per year, depending on the season of measurement. Ozone levels over the

Antarctic are decreasing much more rapidly, averaging 3 percent per year (Stolarski et al.
1991).

The concentration of 0 3 at a given location is a function of the chemical processes

that control the production and destruction of 03 and of stratospheric 03 transport
processes. Production of 03 within the stratosphere is controlled by the photodissociation
of molecular 02 . However, the destruction of ozone is driven by various photochemical
processes, which generally involve some type of catalytic process. Thus, ozone is

constantly being created and destroyed within the stratosphere. This results in a dynamic,

nonlinear balance between 03 chemistry and the mean stratospheric 03 circulation (AIAA
1991).

The presence of compounds formed directly or indirectly from rocket exhaust can
decrease levels of 03 in the immediate vicinity of the rocket exhaust plume. These

compounds include HCI, CI2, H2, and H20 (Harwood et al. 1991). NO x can also influence
03 degradation (AIAA 1991). The total amount of SRMU exhaust products emitted to the
stratosphere can be estimated from Table 4-2, by summing over the time periods from 50-
80 seconds to the end of burn at T + 146 seconds. The composition of these emissions,
using the percentages in Table 4-1, is provided in Table 4-4.

The destruction process primarily associated with the use of SRMs involves chlorine
(CI2), where a single chlorine atom could be causal in the destruction of hundreds of ozone

molecules through the breakdown of 03 into chlorine monoxide (ClO) and oxygen (02).
Subsequently, the CIO can be further dissociated into free chlorine and oxygen. Thus, an
important consequence of this catalytic process is that the chlorine is not removed from

the stratosphere during these two reactions; it remains free to continually react with other
atmospheric species before being removed from the stratosphere. Certain chlorine

compounds are predicted to remain in the upper atmosphere for 2 to 3 years before being
removed by natural processes (AIAA 1991).
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TABLE 4-4. SRMU EXHAUST CONSTITUENTS EMITTED TO THE STRATOSPHERE

SRMU Constituent

Amount Emitted

kg (Ib)

AI203 128,885 (283,547)

CO 78,775 (173,305)

CO 2 8,944 (19,677)

CI2 898 (1,975)

HCI 75,937 (167,061)

H 2 7,939 (17,466)

H20 27,623 (60,771)

N 2 29,958 (65,908)

NO x <36 (<79)

Numerous studies have been conducted to assess the effects of chlorine from
launch vehicle exhausts on stratospheric ozone levels. The studies have attempted to

evaluate the localized, regional, total column, and global impacts on 03 levels. Local
impacts were found to be large but of short duration. Measurements of ozone levels
within the exhaust trail of a Titan Ill SRM at an altitude of 18 km (59,058 ft) taken 13

minutes (780 seconds) after launch showed a 40-percent reduction in ozone
concentrations (Harwood et al. 1991). Modeling studies predicted a greater than 80-
percent reduction in ozone levels within 1 km (0.62 mi) of an exhaust plume for a period
of 1 to 3 hours, after which the levels were projected to rapidly return to normal (Karol et
al. 1992).

Other models addressing the effects of rocket exhaust on ozone levels near the
exhaust trail indicated smaller reductions. Investigations of chlorine and NO levels due to

the launches of the Shuttle and the Russian Energia concluded that local, short-term 03
reductions can possibly be greater than 8 percent (Karol et al. 1992). Local effects of
similar magnitude may also be produced by the nitrogen oxides chemistry, which is an
exhaust product of the Russian Energia rocket (Karolet al. 1992). The recovery period to
normal background levels for the areas near the exhaust plume projected in the models is
less than 3 hours to 1 day for all altitudes within the stratosphere, but the projected time
varied depending on the model parameters used (Karol et alo 1992). These studies
concluded that rocket emissions for the launch schedules being modeled would cause no

significant detectable 03 decreases in the stratosphere.

Denison et al. (1994) has modeled the local effects of ozone depletion from solid

rocket motor exhaust using a plume dispersion model to simulate the chemistry from the
combustion chamber, incorporating afterburning, through the hot plume and cool plume

dispersion phases. The results of this study indicate that afterburning chemistry of the
reactive exhaust products can cause local, short-term (on the order of minutes) ozone
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destruction episodes. This result is substantially less than the recovery periodof several
hours observedin the model results (Karolet alo1992). More importantly, these results
indicate that the inclusion of heterogeneouschemistrydoes not have a major impact on
the estimated local plumechemistry. Thus, this study has shown the effect of solid rocket
effluents to be short-term and that the homogeneouschemistrydominatesover
heterogeneousphasereactionsfor local plumechemical transformations.

A recent modelingstudy assessedthe magnitudeof regional increasesof chlorinein
the stratosphereand the regionaleffects of those increaseson 03 levels(Pratheret al.
1990). The study focused on the potential effects from six launchesof Titan IV rockets
and nine Shuttle launchesper year. For homogeneouschlorinechemistry only, the results
indicatedthat the effects on the ozonelayer are minor and short-lived. Athree-
dimensionalmodel (Pratheret al. 1990) was used to compute the regionaleffects of solid
rocket motor exhaust from a singleShuttle launchover a 1,000 km2 (386 mi2)area. At
an altitude of 40 km (131,240 ft), total chlorine was calculatedto increaseby a few
percent 2 days after launch. Subsequently,ozonedecreaseis expectedto be less than
1 percent at that height (Pratheret al. 1990).

The localizedimpactsof launchvehicle operationon total column 0 3 levels along
the flight path might also be important. The effectiveness of the ozone layer in filtering

ultraviolet radiation is affected by both the amount of 03 in a given atmospheric layer and
the amount of 03 in the total air column in the atmosphere. Reductions in 03 levels in the
total column ozone from Shuttle operations were found both through models and through
measurements to be far less than localized stratigraphic losses. This effect occurs
because the vehicle's trajectory is not vertical; therefore, not all of the exhaust plume is
deposited in one vertical column of air. Measurements (with an accuracy of +4percent)
of total column ozone within a 40 km by 40 km (618 mi 2) area were taken between

several hours to 1 day after a launch at the KSC. These showed no decrease in total 03
concentration. One model predicted that the total column ozone in the area near alaunch
site would be reduced less than 10 percent, even though the same model showed a
greater than 80-percent localized reduction in ozone along the flight path in specific
atmospheric strata (AIAA 1991).

A number of researchers have attempted to predict the global impacts associated
with rocket launches using computer models (Karol et al. 1992, KrQger et al. 1992,
Pratheret al. 1990). Stratospheric chlorine increases due to nine Shuttle and six Titan IV
launches per year were predicted to be about 0.3 percent in northern latitudes in one study
(Prather et al. 1990). Global ozone depletion due to this launch schedule was computed to
be less thanO. 1 percent in several studies. One study(Prather et al. 1990) calculated

O.O065-percent ozone loss, and another study (Karol et al. 1992) predicted by scaling
0.0072- to O.024-percent loss.

The destruction of ozone through contact with molecular chlorine, nitrogen, and
sulfates involves relatively simple and homogeneous reactions among gaseous atmospheric
constituents. Heterogeneous processes (i.e., reactions that occur on the surfaces of

particles or that involve solid/liquid, liquid/gas, or solid/gas interactions) can also affect
ozone levels (Leu 1988, AIAA 1991, Harwood et al. 1991). Heterogeneous reactions
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have been linked to 03 destruction within the polar winter stratosphere of the Antarctic
ozone hole (Harwood et al. 1991).

In recent years, there have been major advances in our understanding of the role of

stratospheric heterogeneous reactions in increasing the abundance of active chlorine

compounds in the lower stratosphere. Specifically, studies investigating Polar

Stratospheric Clouds (PSCs) and stratospheric sulfate aerosols have been undertaken. The

key element in understanding the perturbed chemistry of the polar stratosphere is the

conversion of reservoir compounds into catalytically active species and their precursors on

the surface of PSCs. These reservoir compounds are extremely important to overall

stratospheric chemistry dynamics. Efforts are currently underway to incorporate these

heterogeneous-type processes and the effects of PSCs on stratospheric chemistry into

new and existing gas phase atmospheric chemistry models. At this time, however, this

field is considered to be in its adolescence. Additionally, many of the concepts on which

the existing modeling studies are based are not yet well quantified (Wayne 1991, Poole et
al. 1992).

With regard to rocket launches, the pollutant of greatest concern in the area of

heterogeneous chemistry is HCI vapor which is released from the ammonium perchlorate

solid rocket boosters. The ozone depletion from these engines was originally estimated at

1 to 2 percent, based on 60 launches per year. However, more recent estimates are much

lower. Current researchers investigating the effects of heterogeneous phase chemistry

into the atmospheric circulation/chemistry models speculate that the new algorithms will

slightly enhance the catalytic conversion/activation of chlorine in the stratosphere, which

will subsequently moderately increase the total amount of modeled ozone depletion in the

lower stratosphere. However, current preliminary investigations do not substantiate any

large deviations (e.g., generation of an ozone hole) from earlier study results of the effects

of rocket launches on stratospheric ozone depletion (Denison et al. 1994, Jackman 1995,

Kaye 1994, Ko 1994, Lamb 1995, Wayne 1991).

Use of an SRM-equipped Titan IV would result in substantially fewer emissions of

solid rocket exhaust products to the stratosphere (260,793 kg I573,745 Ib]) than would

an SRMU-equipped vehicle (359,210 kg [790,262 Ib]). With respect to the constituents of

concern (HCI, Cl2, H2, H20), HCI and H20 are the principal contributors from both the

SRM and SRMU. SRM emissions would be smaller, however, with HCI at 29 percent less

than from the SRMU, H 2 at 19 percent less, and H20 at 34 percent less. (This can be

quickly determined by using the SRM constituent composition in Table 4-1, and applying it

against the total SRM exhaust emissions to the stratosphere noted above.) It should be

noted, however, that the Titan IV liquid-fueled main engine on the SRM-equipped vehicle

would ignite while still in the stratosphere (at about T + 118 seconds), as would the main

engine on the SRMU-equipped vehicle (at about T + 135 seconds). The principal

difference is that the main engines of the SRM-equipped vehicle would be emitting water

(and nitrogen and CO 2) to the stratosphere for almost 20 seconds longer than the SRMU-

equipped Titan IV. (The SRMU-equipped Titan IV is almost out of the stratosphere when

its main engine ignites at T + 135 seconds.) Overall, use of an SRM-equipped Titan IV to

launch Cassini would probably have somewhat less impact on the stratosphere than would
the Titan IV (SRMU).
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The current state-of-the-science does not allow comprehensive global three-

dimensional stratospheric chemistry simulations, which can assess long-term cumulative
impacts on global ozone concentrations within the stratosphere from multiple launch
scenarios. Current Federal, academic and private-sector research is focused on

incorporating three-dimensional heterogeneous phase chemistry in local-scale stratospheric
models to assess the potential for singular launch events to cause severe ozone depletion

in the immediate vicinity of the rocket plume (i.e., an "ozone hole"). The preliminary
results from such studies (e.g., Denison et al. 1994) indicate that while the inclusion of
such chemical processes does improve the accuracy of model output, the magnitude of
these improvements is very small. Thus, it could be hypothesized that the incorporation of
heterogeneous phase chemistry in three-dimensional models, while important and
necessary, would not substantially alter the current results being observed and reported for
homogeneous phase chemistry models alone. Until these more complex simulations are
completed, verified and validated, long-term cumulative effects of solid rocket effluents
must be assessed solely on the model studies using only homogeneous phase chemistry

(e.g., Prather et al. 1990). Given this information and the limited understanding of
heterogeneous phase chemistry on the local rocket exhaust plume, it is not expected that
the launch of Cassini in conjunction with other launches would produce a discernible, long-
term cumulative impact on ozone concentrations within the global stratosphere.

4.1.2.4 Impacts of Noise and Sonic Boom

Initially, the launch of the Titan IV (SRMU) would involve igniting only the SRMUs.
The liquid-fueled main engines of the core Titan IV vehicle would not be ignited until 135
seconds into the flight when the vehicle would be at an altitude of about 51.8 km
(170,000 ft) and several miles down range over the ocean. The USAFevaluation of
expected noise levels from the SRMUs indicates that neither workers nor the public would
be adversely affected by the noise from the launch (USAF 1990). Although the maximum
sound pressure near the launch pad could reach 170 dBA (a level that could damage
human hearing), launch workers would either be evacuated to safe areas prior to SRMU

ignition or, for those who work closer to the launch pad, housed in buildings designed to
reduce the noise to 115 dBA and further protected by protective devices. (The maximum
short-term occupational exposure limit is 115 dBA.) The nearest location where members
of the public could be found during launch and where they could be exposed to the noise
would be about 6 km (4 mi) away at KSC. The nearest population centers are about
16 km (10 mi) away. At the KSC locations, noise levels would be about 110dBA and
would last from 1 to 2 minutes; at the nearest population centers, the noise level would

reach about 100dBAfor a similar period of time. Therefore, noise from the Cassini launch
would not be expected to adversely affect either workers at the launch site or the

unprotected public in the CCAS region.

Sonic booms occur during liftoff and reentry of suborbital and orbital stages of

space launch vehicles. A sonic boom is experienced as an abrupt noise caused by a
vehicle traveling at speeds greater than the speed of sound. Sonic booms are shock wave

pressures traveling through air surrounding the path of the vehicle. The flight path
characteristics, such as altitude, and acceleration and body characteristics, such as mass
and volume, influence the intensity of sonic booms.
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In the history of the spacelaunchvehicleoperationsfrom CCASby the USAF,no
known problems have resulted from sonic booms (USAF 1986), primarily because the
ascent route of all vehicles is over open ocean. The designed reentry of spent suborbital

stages and orbital stages is also over open seas. These two factors place sonic booms
away from land regions where human populations reside. All ships in the area that could
be affected are routinely warned of the impending launches, and the incident of the sonic
boom, if it is experienced at all, would be expected and inconsequential. Therefore, sonic
booms associated with the launch of the Cassini spacecraft would be expected to have no

adverse impacts.

A Titan IV vehicle equipped with smaller conventional steel-cased SRMs would

generate similar sound levels during launch as the SRMUs. Launch area workers would be
protected as noted above, and the nearest members of the public (visitors at KSC) would
be subjected to launch noise levels for 1 to 2 minutes. Noise levels at the nearest
population centers about 16 km (10 mi) away would also be similar to those from the
SRMUs. Also, as with the SRMU-equipped Titan IV, sonic boom from the Titan IV (SRM)
would occur over the ocean.

The noise from other launches using Titan IV (SRMUs or SRMs) or other vehicles
would be brief but intense. Because launches would not be simultaneous, noise should
not cause a cumulative impact. If, however, the number of launches from CCAS (KSC)
increased, the frequency of launch noise in the CCAS region would also increase. No

significant long-term health impacts would be expected except that individuals who are
sensitive to noise could be irritated (USAF 1990).

4.1.2.5 Impacts on Geology and Soils

Assuming similar impacts from an SRMU- or SRM-equipped Titan IV as observed for
the Shuttle (Hinkle and Knott 1985), the deposition of HCI from the exhaust cloud on the

soil adjacent to the launch site would result in a temporary acidification (i.e., the soil pH
and buffering capacity would be temporarily reduced). The deposition of AI203
particulates would also increase the concentration of aluminum in the nearby soils.

Use of an SRM-equipped Titan IV launch vehicle would result in similar impacts of
about the same magnitude as from the SRMU-equipped vehicle. HCI emissions in the
exhaust clouds of the two boosters are about the same (Section 4.1.2.2). Particulate

(AI203) deposition would, however, be less from the SRM-equipped vehicle.

The cumulative impact of multiple launches on the near-field soil has been a
reduction in the capacity of the soil to buffer the temporary acidification observed
following a launch and increased concentrations of metals (aluminum, iron, and zinc).
Cumulative impacts on far-field soils (i.e., over 1 km [0.6 rail) from the launch site are
relatively insignificant because the deposition of particulates and chlorides is less than
3 percent of the maximum observed near the launch site (NASA 1990). An SRM-equipped
launch vehicle would contribute slightly less to cumulative impacts compared to an SRMU-

equipped vehicle.
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4.1.2.6 Impacts on Hydrology and Water Quality

Surface Water

The exhaust cloud formed by SRMU ignition products contains both AI203
particulates and HClin solid, aerosol, and/or droplet form. Nearly 1,510,0001
(400,000 gal) of water is used for deluge, noise and fire suppressant, and launch pad
washdown water during and after each launch. Approximately 20 percent of the
deluge/noise/fire suppressant water (300,000 I; 80,000 gal) is vaporized and/or blown on
to areas surrounding the launch complex and mixes into the exhaust cloud. Because the
deluge/noise/fire suppression systems are the only source of water (aside from any
naturally occurring humidity in the ambient air) involved in the launch (the liquid-fueled
engines of the core Titan IV are not ignited until 135 seconds after liftoff), the Titan IV
(SRMU) exhaust is relatively dry and will not contain large amounts of aqueous HCI. The
exhaust cloud will be, at least initially, forced to the east toward the Atlantic Ocean by the
exhaust duct at either launch complex. The Atlantic Ocean is about 610 m (2,000 ft) to

the east of Launch Complex 41, slightly further from Launch Complex 40. If Cassini is
launched in October (i.e., the primary launch opportunity under the Proposed Action) in the
early morning hours, as most launches are, offshore land breezes are possible. In this
event, the exhaust plume and the entrained deluge/noise/fire suppression water would
move out over the Atlantic Ocean, and droplets of aqueous HCI and drier forms of HCI
could settle from the exhaust cloud onto the ocean. The large volume and buffering

capacity of the ocean waters, combined with the relatively swift currents (see
Section 3.1.4.5), would quickly neutralize and dilute the acidification imparted by contact
with the plume and deposition of dry and/or aqueous HCI. Thus, it is unlikely that the
ocean waters would experience any significant acidification from the launch of the Cassini
spacecraft.

If the offshore land breezes are not blowing at the time of launch, the exhaust
plume could be directed away from the ocean by the prevailing seasonal winds. Seasonal
winds tend to be in an onshore direction during the month of the primary (October 1997)
and backup contingency (March 1999) launch opportunities. Land and sea breezes tend to
decrease in frequency during the winter months (i.e., December for the 1997 secondary
contingent launch opportunity). Prevailing winds at that time of year tend to be in a
southeasterly to southerly direction and could push the exhaust cloud over the ocean or
south along the eastern side of the Banana River (Figure 3-13). In this case, nearby inland
waters that the exhaust cloud passes over would probably experience short-term
acidification. In the case of the Banana River to the west of Launch Complexes 40 and
41, the duration of acidification would be relatively short because of the river's large
volume and its large buffering capacity. The marsh or wetlands area, to the west of each
launch complex along the river (see Figure 3-13), would be most susceptible to acidic
deposition from the exhaust plume. Acidic deposition could adversely affect an area
extending about 61 m (200 ft) into the marsh from its closest point to Launch Complex 41
(USAF 1986). If the exhaust plume is directed over the marsh, the HCI deposition would
probably depress the pH (i.e., increase acidity) of the marsh waters. The pH would be
expected to return to normal within a few hours because of the normal buffering capacity
(USAF 1990).
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Aluminum oxide particulates would also settle from the exhaust cloud. The AI203,
however, is relatively insoluble at the ambient pH level (8.0 - 8.5) of the Banana River and

Atlantic Ocean. It is also nontoxic to most aquatic organisms. Moreover, tidal flushing

and mixing from prevailing and storm-related winds, in both the river and the ocean, would

prevent substantial quantities of aluminum from accumulating (USAF 1988b).

Titan IV vehicle stages that do not go into orbit have trajectories designed for ocean

impact. Once in the water, the vehicle hardware will corrode and metal ions will be

released into the ocean environment. Any contamination that results, however, would be

minor, because of the slow rate of corrosion and the large amount of water available for

dilution (USAF 1986). If the liquid fuel stages of the core vehicle rupture upon impact

with the ocean, any residual propellants (i.e., Aerozine-50 and NTO) would be released

quickly. The amount of this release will probably be small because the fuel stages will be

virtually empty when they are jettisoned from the Titan IV launch vehicle. Any residual

solid propellant in the SRMUs will be held within a rubbery binder substance and will be

slowly released to the environment. Consequently, the release of residual Titan IV

propellants will not substantially impact the quality of the surface water environment

(USAF 1986).

Surface water impacts associated with launch of Cassini onboard an SRM-equipped

Titan IV would be similar to those described for an SRMU-equipped vehicle. Given that

HCI concentrations in the SRM exhaust cloud would be about the same as those in an

SRMU cloud but slightly less in total volume (see Section 4.1.2.2), the temporary

acidification effects should, in turn, be slightly less. Aluminum oxide particulate

concentrations and quantities deposited in surface waters would also be less for an SRM-

equipped Titan IV. Expended SRMs landing in the ocean would also, by virtue of their

smaller size, be expected to have even less impact than the SRMUs on water quality from
the slow dissolution of residual fuel.

The launch of Cassini along with additional launches of Titan IV (SRMU or SRM)

vehicles from Launch Complex 40 or 41 would probably not have any substantial

cumulative impact on the surface water bodies--the Banana River and the Atlantic

Ocean--adjacent to the launch site. The buffering capacities of these waters would offset

any pH decreases that would occur from HCIdeposition. No localized fish kills in the

Banana River would be expected from AI203 deposition because of its nontoxic
characteristics (USAF 1990).

Groundwater

Nonindustrial wastewaters (i.e., sanitary wastewaters) are generated during launch

activities. Sanitary wastes from these activities are treated using secondary treatment

methods, with the resulting effluents released to percolation ponds, in accordance with

State of Florida permit requirements (USAF 1986, USAF 1988b, USAF 1990). Releases to

percolation ponds should not significantly affect the quality of the surficial aquifer or the

quantity of flow in the aquifer.

The primary source of potential groundwater contamination at the launch

complex will be the nearly 1,510,000 I (400,000 gal) of water used as deluge, noise and
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fire suppressant, and launch pad washdown water during and after each launch of a
TitanlV. This water would be supplied from municipal sources. The deluge/fire/noise
suppression water will contain exhaust products from the SRMUs, principally dissolved HCI

and particulate AI203, paint chips, and other debris from the launch pad. This wastewater
will be acidic because of the dissolved HCI from the exhaust gases. About 20 percent

(300,000 I; 80,000 gal) will be either vaporized by the heat of the SRMU exhaust and
dispersed into the atmosphere and/or is blown by the exhaust on to the areas surrounding
Launch Complex 40 or 41 (USAF 1990). The vaporized portion will contribute to the
exhaust cloud, affecting ambient air quality. The portion blown on to the surrounding
areas will either evaporate after deposition on the land surface or infiltrate the ground,
where it may eventually reach the groundwater of the surficial aquifer.

The bulk of the deluge, noise, fire suppressant and washdown water (about

80 percent or 1,200,000 I [320,000 gal] will be collected in the flame bucket (launch duct
sump) at the launch pad. This wastewater, as well as about 165,0001 (44,000 gal) of
coolant water from the OVSS, will be sampled, and if found to be within the permit criteria

(Florida drinking water standards), will be discharged to three nearby percolation ponds, in
accordance with State of Florida industrial discharge permits. Once in the percolation

ponds, these waters will infiltrate the permeable soils beneath the ponds and reach the
groundwater of the surficialaquifer. These waters will mix with and will be diluted by the
groundwater. Thus, the launch of the Cassini mission would not be expected to adversely
affect the quality of the surficial aquifer at CCAS, although it would contribute dissolved
contaminants (principally exhaust products from the SRMUs) to the underlying surficial
aquifer. The USAF estimated the elevation or mounding of the groundwater under the
east side of Launch Complex 41 will rise slightly with each Titan IV launch. The
mounding, estimated at about 10 cm (0.3 ft) at Launch Complex 41, using conservative
assumptions, will dissipate rapidly following a launch, given the highly permeable nature of
the soils in this area(USAF 1990). Because of the relative isolation of the secondary

semi-confined aquifers and the impermeable layer overlaying the much deeper Floridan
Aquifer, it is very unlikely that the launch of Cassini would impact either of these deep
aquifers.

The impacts of an SRM-equipped Titan IV launch would be expected to be similar
to those described for an SRMU-equipped vehicle, but of somewhat lower magnitude due

to the slightly smaller amount of HCl in the SRM exhaust cloud. The deluge/fire/noise
suppression waters contained by the flame bucket would be similar in volume, as would
the amount contained in the exhaust cloud. The amount of contaminants scrubbed from
the SRM exhaust would be slightly less, however. Thus, effects on groundwater quality

from release of deluge waters and deposition from the exhaust cloud would be similar, but
slightly less in magnitude. Mounding effects at Launch Complex 41 would be the same as
described previously because the volume of water released from the launch complex would
be the same, regardless of the type of solid rocket motor used on the Titan IV.

The USAF recognizes that the potential exists, over time, for multiple Titan IV
(SRMU or SRM) launches to adversely affect the quality of the surficial aquifer at Launch

Complex 41, as well as at Launch Complex 40 (each complex is scheduled for three
launches per year through at least 1995) (USAF 1990). Combined with multiple launches
over time, Cassini may, therefore, contribute to increased contaminant input to the
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surficial aquifer. To provideearly indicationsof an adverseeffect on the groundwater, five
monitoring wells have beeninstalled in the surficial aquiferat eachof the complexesas
discussedin Section 3.1.5.4. All wells aremonitoredquarterly, and the USAFhas
committed to a mitigation plan in casecontaminants reach levelsabovethose approvedby
the State of Florida.

4.1.2.7 Impacts on BiologicalResources

Floodplains and Wetlands

Launch Complexes 40 and 41 are located above the 500-yr floodplain (NASA
1994). No short- or long-term impacts to the floodplain are anticipated as a result of the

Proposed Action.

Depending on the prevailing meteorological conditions (i.e., no offshore land breeze,
only prevailing seasonal winds) during the launch of the Cassini spacecraft at CCAS,

deposition of HCI and AI203 from the exhaust cloud could affect the biota and the water
quality in the floodplains and wetlands west of the launch sites. The pH of the water
could decrease as a result of HCI deposition; organisms in the upper 0.5 m to 1 m (1.6 ft
to 3.3 ft) of the wetland area could be affected (USAF 1990). However, the natural
buffering capacity of the waters should increase the pH to normal levels within a few

hours after HCI deposition. The AI203 deposits should be minimal and nontoxic; AI203 is
insoluble at the normal pH of the receiving waters (USAF 1990). The potential for
deposition is greatest during the time of the 1997 primary launch opportunity (October)
and the 1999 backup opportunity (March). At the time of the 1997 secondary opportunity
(December), winds tend to blow toward the southeast. In this event, the buoyant exhaust

cloud could be pushed either toward the ocean or toward a marsh area located about
0.75 km (0.5 mi) south of Launch Complex 40 (Figure 3-13). Because the cloud would

likely be somewhat more dispersed upon passing over this marsh area, acidification of the
marsh waters would probably be somewhat less than experienced in the areas to the west
of the launch complexes.

Due to the somewhat smaller size of the SRM, a launch of the Cassini spacecraft
with this motor would be expected to result in similar but slightly lower magnitude impacts

to nearby wetlands as compared with an SRMU-equipped Titan IV.

Given the relatively infrequent schedule of Titan IV (SRMU or SRM) launches,
cumulative impacts to floodplains and wetlands from the exhaust emissions are not
anticipated. The groundwater monitoring program (Section 4.1.2.6) will enable the Air
Force to detect any substantial groundwater contamination that feeds into the floodplains
and wetlands near the launch complex.

Terrestrial Resources

The USAF addressed the impacts of Titan IV (SRMU) launches on the terrestrial
environment (USAF 1990). Terrestrial vegetation, consisting of grass, located in
undeveloped areas within about 20 m (66 ft) of the launch pad perimeter will probably be

singed by the heat of the SRMU exhaust. The USAF has noted that vegetation singed by
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the exhaust heat hasnot beenpermanentlyaffected (USAF1990). The USAFhas
occasionallyexperiencedbrush fires with a launchevent; these fires have beencontained
successfully. Becausethe exhaust ducts at both LaunchComplexes40 and 41 direct the
exhaust to the east toward the Atlantic Ocean, the exhaust heat will most likely affect the
vegetated areasimmediatelyeast of the exhaust port.

The exhaust from the SRMUswill contain large amountsof HCI(in solid, aerosol,
and droplet form), which will interact with a portion (about 20 percent)of the
deluge/fire/noisesuppressionwater releasedduring liftoff, as well aswith moisture in the
ambient air, to form hydrochloric acid. The acid formed could settle out from the exhaust
cloud as wet deposition. Wet deposition of HCIcandamageor kill vegetation, depending
on the sensitivity of the vegetation and the amount and acidity of the wet deposition. The
other majorexhaust product from the SRMUswill be particulate aluminumoxide, which
will also settle out of the exhaust cloud. Theseparticulates,which arechemically inert,
will probably not adverselyaffect vegetation. USAFobservationsof a Titan IV
conventionalSRMlaunch in 1989 found no evidenceof wet depositionoutside the
perimeter fence at LaunchComplex41. The perimeter fence is 183 m (600 ft) from the
launchcomplex, defining a "high-riskzone" for terrestrial wildlife (USAF1990). The 1989
launchused the conventional7-segmentSRM. Although the SRMUis larger than the
conventionalSRM,the amount of fuel burned in the first 10 secondsafter ignition would
be about the samefor both motors. In addition, only slightly less HCIwould beproduced
in the SRMexhaust cloud (Section 4.1.2.2). Thus, impacts from the two motors would be
about the samein the "high-risk" zone. Coastalscrub in these areasis characterizedby
short trees and shrubs (seeSection 3.1.6.2). Someleaf spotting and possiblysome
defoliation could occur similar to that documentedfor Shuttle launchesat KSC(NASA
1994). The relatively narrow bandsof coastal strand and coastal dune vegetation (largely
grasses)are further east of LaunchComplexes40 and 41. Shouldsufficient wet
deposition occur in these areas,leaf spotting with possiblysomedefoliation in the coastal
strandcould occur, with similar impacts to somedune grasses. Other dunegrasseswould
not be affected. Similar impactswere noted for three Shuttle launchesin recent years
where the exhaust cloud drifted over the duneseast of the Shuttle launchpad (NASA
1994). Should the exhaust cloud from the launchof the Cassini spacecraft drift over the
coastal strand and dune areas, it probablywould yield less impact to the vegetation than
the Shuttle exhaust cloud becausethe exhaust from the Titan IV (SRMU)is drier than the
exhaust from the Shuttle. Unlike the Shuttle, the Titan's main liquid-fueledengineswill
not be usedfor liftoff; therefore, the Titan IV exhaust cloud will not have any additional
water output from liquid engine exhaust to contribute to HCIdroplet formation.

Marshvegetationcould be adverselyaffected by wet deposition if the winds blow
the exhaust cloud over the marshareato the west of either launchcomplex (Figure3-13).
The USAFestimated that an area extending into the marsh 61 m (200 ft) from its closest
point to LaunchComplex41 could receivewet deposition (USAF1986), and somemarsh
vegetation in the areaof cloud passagecould be lost. The potential for transport of the
buoyant exhaust cloud by seasonalwinds over the marshareaswest of the two launch
complexesis greatest during the time of the primary (October)and backup(March) launch
opportunities. Winds during the secondaryopportunity would tend to be toward the
southeastto south and would tend to push the cloud either out over the oceanor to the
south. If toward the south, somewet depositioncould occur in the marsharea located
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about 0.75 km (0.5 mi) from LaunchComplex40 (Figure3-13). Becausethe exhaust
cloud would probably besomewhat moredispersedupon reachingthis marsharea,
vegetation impacts shouldbe less.

Becausethe exhaust cloud would be transportedand dispersedby existing winds
asit would rise, HCIand particulatedepositioncould occur in areasbeyondthe "high-risk
zone." This would most likely occur in anareawithin 5 km (3.1 mi) of the launch pad. As
noted earlier,USAFmodelingestimatesthat at this distancethe HCI levels in the exhaust
cloud would likely have beenreducedto about 18.2 mg/m3(12 ppm). By way of
comparison,Shuttle launcheshaveresulted in secondaryacidic and particulatedeposition
from the exhaust cloud in areasup to 14km (9 mi) down wind (NASA 1994). Far-field
effects, generallyleaf-spotting, experiencedfrom Shuttle launcheshave not had adverse
long-termeffects on vegetation receiving wet HCIdeposition. TheTitan IV SRMUsare
about 60 percent the sizeof the Shuttle's solid rocket boosters,and the Titan IV SRMU
exhaust contains lessmoisture (i.e., alower HCIcontent). Therefore, if the exhaust cloud
were driven over land areasnearCCASby the wind, lessparticulateand wet HCI
deposition of acid would probablyoccur, with even less impact on far-field vegetation than
would be experiencedwith a Shuttle launch.

Terrestrialwildlife that enters the fenced-inareawould also be affected by the heat
and noiseoverpressuresof the launchof Cassini. Any wildlife within about 20m (66 ft)
of the exhaust trench would die from the heat of the exhaust (USAF1990). Betweenthe
trench and the perimeter fence (i.e., within the "high-riskzone") extendingto about 183 m
(600 ft) from the launchpad, wildlife not fleeing the areacould be injured by both the heat
and noise overpressurefrom the SRMUexhaust; somewildlife could die. Post-launch
inspectionsof the areasaroundthe launchcomplexeshave shown low mortality of
wildlife, however. This is probablybecausethe undevelopedareasnear Launch
Complexes 40 and 41 are grassed and located within an industrial setting (the launch
complex) and unlikely to support large numbers or a variety of wildlife.

Noise levels exceeding 95 dBA may cause a temporary hearing loss in exposed
terrestrial wildlife, leaving them more susceptible to predation until hearing is recovered
(USAF 1990). The 95dBA noise level could extend as far as 24km (15 mi) from the
launch complex. Sonic boom noise could cause a startle effect, but no adverse impacts
are anticipated. Given that the noise levels from a launch will be experienced for only a
short period (1 to 2 minutes) per launch event and, at present, only six Titan IV (SRMU)
launches per year are planned at CCAS, it is unlikely that significant cumulative impacts to

hearing will be experienced by wildlife from Titan IV (SRMU) launches alone. When
considering other launches from CCAS and nearby KSC, the noise impact zones may
overlap, and sensitive species residing in the areas of overlap could experience prolonged
or permanent hearing loss.

An SRM-equipped Titan IV launch vehicle would be expected to result in similar but
somewhat lower magnitude impacts than those of a Titan IV equipped with the larger
SRMU. The "high-risk zone" for wildlife would be about the same, extending to the launch
complex perimeter fence 183 m (600 ft) from the complex. Wet deposition of exhaust
products, especially HCI, would not be expected to extend beyond the perimeter fence, as
noted above. Aluminum oxide (AI203) particulate deposition would be expected to be less
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than that associatedwith an SRMU-equippedvehicle (Section4.1.2.2). Noiseeffects on
wildlife in the vicinity of the launchcomplexwould be similar to those noted for the
SRMU-equippedvehicle.

Launchof the Cassinispacecraftwould be one of an averageof six Titan IV
(SRMU)launchesper yearscheduledfrom CCAS. Therefore, launchof Cassiniwould
contribute to cumulative effects experiencedfrom multiple Titan IV launchesand others.
The cumulativeeffects (i.e., possiblya reduction in the numberof vegetative speciesin
the nearfield) from the presentlyplannedlaunch rate arenot expectedto be substantial.

Aquatic Biota

The exhaust cloud formed by ignition of the SRMUs that contains aluminum oxide

particulates and HCI in dry and wet forms, and the deluge water and washdown water
contained in the flame bucket after launch would be the two principal sources of potential
impact to aquatic biota. The aluminum oxide particulates that settle out of the exhaust

cloud over nearby water bodies (e.g., the Atlantic Ocean or the Banana River) would not
be expected to adversely affect aquatic biota. The aluminum oxide is largely insoluble,
particularly at the relatively high ambient pH of the nearby water bodies (pH = 8 or more)
(USAF 1990).

The prevailing winds during the primary and backup launch opportunities would
push the exhaust cloud back over land, thereby potentially affecting the Banana River.
The prevailing winds during the secondary opportunity would push the exhaust cloud
southeast to south, thereby largely avoiding the Banana River.

The HCI droplets in the exhaust cloud that could settle out over the nearby water
bodies could cause a temporary decrease in pH. If this occurred over the Atlantic Ocean
or the Banana River, the relatively high buffering capacity of these waters would quickly
neutralize the acid input from the exhaust cloud, resulting in only a short-term decrease in
pH. It is unlikely that biota in these two water bodies would be adversely affected. Acidic
deposition in the marsh area to the west of the launch complexes could adversely affect
fish and other aquatic fauna in the areas of greatest deposition (estimated to consist of an
area about 61 m [200 ft] into the marsh from its closest point to the launch complex)
(USAF 1986). Some fish and other biota could die until the marsh waters recovered to a
normal pH. The marsh area located about 0.75 km (0.5 mi) to the south of Launch

Complex 40 could be affected during the secondary opportunity with transport of the
exhaust cloud over that area. Impacts would probably be somewhat less, because the
cloud would likely be more dispersed in this area.

The deluge/fire/noise suppression and washdown water released from the launch
complex to the percolation ponds would eventually reach the Banana River and the marsh
area to the west of the launch complexes. The USAF has estimated that, given the
porosity of the soils in this area, it would take 11 years for these waters to reach the
marsh to the west (USAF 1990). The discharge of these waters from the launch site
would not affect the marsh or Banana River. The groundwater monitoring program (see
Section 4.1.2.6) will provide the USAF with advance warning if contaminants from the
planned series of Titan IV (SRMU or SRM) launches, including Cassini, reach the
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groundwater and eventually the marshandthe BananaRiverand result in individual launch
or cumulative impacts.

Marinebiota could be impactedby jettisonedTitan IV componentsthat fall into the
ocean. Small amountsof ammoniumperchloratein the binding agent (HTPBfor the SRMU
PBANfor the SRM)could remain in the motor cases,and small amounts of Aerozine-50
and/or NTOcould remain in Titan lV stagesjettisoned into the ocean. Corrosionproducts
from vehicle hardwarewould also enter the oceanwater over time. It is highly unlikely
that the corrosionof the vehiclehardwarewould occur at a rate fast enoughto produce
toxic concentrationsof metal ions in the oceanor in other surfacewaters. However,
Aerozine-50and NTOcould create adverseimpacts. Both compounds,which aresoluble
in water, could reachtoxic levels in a very small areanearthe spent fuel stage(s). Impacts
are not expectedto besubstantial becauseof the largedilution volumesavailablein the
ocean. The releaseof ammoniumperchloratefrom its binderwould bevery slow with
little potential for adverseimpact to biota (USAF1988b).

Although the SRMis 15 percent smallerthan the SRMU,the quantities of
combustionproducts in the exhaust cloud and impacts to aquatic biota from an SRM-
equippedTitan IV launchwould be similarbut somewhat lower in magnitude (see
Section 4.1.2.2). Potential impacts associatedwith jettisoned vehiclecomponents that
fall into the oceanwould also be somewhat lesswith respectto the SRMmotor cases,
which would have less residualfuel than the SRMUcases.

Becausethe currently plannednumberof Titan IV (SRMUor SRM)launchesfrom
CCASis relatively few, it is very unlikely that the exhaust cloudsfrom these launches
would have any cumulativeeffects on aquatic biota.

Threatened and Endan.qered Species

The USAF and the U.S. Fish and Wildlife Service (FWS) extensively examined two

principal potential sources of impacts to threatened or endangered species (USAF 1990).
The first potential source was the security and operations lighting used at Launch
Complexes 40 and 41 during launch events. These lights illuminate the landward horizon
at both launch complexes. When the landward horizon is brighter than the seaward
horizon, occasionally adult sea turtles and hatchling turtles can be disoriented. This
causes them to move inland instead of to the ocean. Mortality, as a result, might be

increased. As a consequence, the USAF, in consultation with the FWS, developed a light

management plan to reduce the threat to the sea turtles during the nesting season.
Compliance with the FWS-approved light management plan is required.

The second potential source of impacts was on two species--the Florida scrub jay
(Aphelocoma coerulescens coerulescens) and the southeastern beach mouse (Peromyscus
po/ionotus niveiventris)--most likely to reside near the two launch complexes. The
impacts of concern were direct mortality from the exhaust heat, noise, and gases from the
SRMUs and destruction of species habitat. Examination of the potential mortality from the
exhaust led the FWS to conclude that the continued existence of the Florida scrub jay and
the southeastern beach mouse will not be jeopardized by the planned Titan IV (SRMU)
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launchesat CCAS(USAF1990). Noiseat levels above95 dBA could induceshort-term
hearingloss in those species,makingthem moresubject to predation.

The Air Forceconcludedthat the exhaust heat and gases(specifically hydrogen
chloride)will injureor destroy habitat nearthe launch pad and along the path of the
exhaust cloud but that the populationsof Floridascrub jay and southeasternbeachmouse
will not be threatenedby these losses(USAF1990). A high-riskzone will exist between
the launchpad andthe perimeterfence, which is 183 m (600 ft) away, where exhaust
heat and sound overpressureswill be intense.

West Indian manatee(Trichechusmanatus latirostris) in the Banana River Manatee

Refuge, about 14 km (9 mi) south of Launch Complex 41, would not be adversely
impacted by the Cassini launch. Industrial wastewater effluents would not be directly
discharged into the river from the Titan IV operations, all discharges are treated and then
released to percolation ponds. The exhaust cloud could cause short-term depression of
the pH of the Banana River near the launch complex, but the pH would be expected to
return to normal quickly because of the relatively high buffering capacity of the river water
(USAF 1990).

Birds, including those listed as threatened or endangered, should not be adversely
affected; however, birds tend to exhibit a startle response to launches. Birds from a

former wood stork (Mycteria americana) rookery abandoned in 1991, approximately 4 km
(2.5 mi) northwest of Launch Complex 41, flew away during a Shuttle launch at Launch
Complex 39A and returned within about 2 minutes after the liftoff (NASA 1994). Bald

eagle (Haliaeetus leucocephalus) inhabiting and nesting in the vicinity of CCAS would
probably not be disturbed by the launch of the Cassini spacecraft; the nearest nest is
about 11 km (7 mi) to the north of Launch Complex 41. Osprey, located about 5 km
(3.1 mi) south of Launch Complex 41, should not be affected by a normal Titan IV (SRMU)
launch of the Cassini spacecraft.

Launch of Cassini would have similar effects on protected species near the launch

complex. The FWS-approved lighting plan would be observed regardless of the type of
solid rocket motor used. Exhaust gases from the firing of the SRMs would have
somewhat less effect on nearby species due to the smaller size of the SRM compared with
the SRMU.

Studies to date indicate that there are no significant adverse short-term or
cumulative effects on threatened or endangered species or critical habitat from launches at
CCAS and KSC.

4.1.2.8 Impacts on Socioeconomic Resources

The launch of the Cassini spacecraft aboard the Titan IV (SRMU)/Centaur from
CCAS should have no substantial adverse effects on the socioeconomic environment
surrounding CCAS. Instead, the launch could have a short-term beneficial effect on the

local Cape Canaveral economy, if tourists from around the United States and Europe arrive
to witness the launch. In addition to local socioeconomic benefits, implementation of the

Cassini mission has a number of broader socioeconomic benefits, as noted in Section 1.4,
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includingdevelopingtechnology spinoffs, maintainingour leadershiprole in deep space
exploration, and fostering future internationalcooperativeefforts in spaceexploration.

Socioeconomicimpactswould not be expectedto differ with use of an SRM-
equippedTitan IV.

4.1.2.9 Historical or ArchaeologicalResources

The launchof Cassiniat CCASwould not beexpectedto have anysignificant
impact on any known or unknown historical or archaeologicalsites nearthe launchsite
(USAF 1990). The nearest historical sites are LaunchPads39A and 39B, which are
located at KSC,about 6.4 km (4mi) to the north of the launchcomplexes. Therewould
be no anticipated impacts on these launchpads.

Useof an SRM-equippedTitan IV would not be expectedto impact historical or
archaeologicalresourcesnearthe launchcomplexes.

4.1.3 Environmental Impacts of Balance of Mission

The Cassini spacecraft once injected into its interplanetary VVEJGA trajectory (or a
VEEGA for the secondary or backup contingency launch opportunities), would have no
adverse impact on the human environment, given a normal trajectory. The Cassini
Saturnian tour and delivery of the Huygens Probe would also have no impact on the
Earth's environment.

Use of an SRM-equipped Titan IV and the associated VVEJGA or VEEGA spacecraft
trajectories would, similarly, have no impacts on the human environment.

NASA's policy for conducting solar system exploration gives serious consideration
to the concern for possible life forms on other planets and bodies. This policy takes into
account the most recent scientific findings and recommendations of the Space Science
Board (currently Space Studies Board) of the National Research Council. The Board's
Committee on Planetary Biology and Chemical Evolution assessed the likelihood of Saturn

and Titan being able to sustain Earth-type life as essentially nil. Nevertheless, the Huygens
Probe would be assembled under prescribed conditions which would reduce biological
burden (JPL 1990).

4.1.4 Nonradioloqical Impacts of Titan IV(SRMU)/Centaur Launch Accidents

The nonradiological impacts of Titan IV accidents addressed in the Titan IV
Environmental Assessments (USAF 1986, USAF 1988a, USAF 1990) are fundamentally
similar to the potential nonradiological Shuttle accident impacts addressed in the Shuttle
program EIS (NASA 1978), the Tier 1 Galileo and Ulysses missions EIS (NASA 1988b),
and the Tier 2 EISs for the Galileo (NASA 1989b) and Ulysses (NASA 1990) missions.

Accidents either on the launch pad or in the first few seconds of flight present the most
direct threat to people, most specifically the launch complex work force. On- and near-pad
accidents were relatively common during the early development of the space program.
Subsequently, facilities and launch procedures were developed to protect both launch-site
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workers and the public from the energy and debrisassociatedwith a vehicleexplosion. As
a result, these accidentshave decreased,although they still occur occasionally. These
proceduresgenerallyfall under the purview of RangeSafety. After ignition, if a problem
occurs that could threaten the public and property, the Flight Control Officer is responsible
for transmitting a signal (i.e., command shutdown and destruct [CSD]) to the vehicle that
intentionally ignites strategically-placed explosive charges on the vehicle and destroys it.
All personnel, including workers and the public, not in specially designed bunkers would be
sufficiently far away from the launch site not to be affected by the debris and other direct
impacts of such an accident.

There are, however, potential short-term impacts on the environment from launch-
related accidents. These include the localized effects of the fireball, fragments from the

explosion, and the release of the propellants (some unburned) and their combustion
products to the environment. These accidents would not present any substantial long-
term impacts to the environment.

The accidents of concern range from propellant loading emergencies prior to launch,
to a performance anomaly resulting in a CSD of the Titan IV (SRMU)/Centaur near the
launch complex, to an explosion during ascent of the vehicle (USAF 1986, USAF 1988a,
USAF 1988b). During a fueling emergency (e.g., a leak occurs or a part of the fueling
system ruptures), both fuel and oxidizer could escape directly to the atmosphere. The
fueling system uses redundant flow meters and redundant automatic shutoff devices to
reduce the potential of such an event occurring. In addition, propellant loading operations
are prohibited when meteorological conditions are such that an inadvertent release of
nitrogen tetroxide from the fueling operation could concentrate at unsafe levels in
downwind areas. If an accidental propellant spill occurs during the fueling operation, the
unvaporized liquid would be retained either in the impervious lined holding areas
surrounding the fuel tanks or in the flame bucket beneath the launch vehicle. Spills would
be removed and disposed of at an appropriate offsite hazardous waste facility (USAF
1986); therefore, surface water resources and associated biota would not be affected.

In the event of a CSD action, the liquid propellant tanks and solid rocket motors
would be ruptured (USAF 1986). Most of the hypergolic liquid propellants would ignite
and burn. The SRMs are designed so that most of the solid propellant fires would be
extinguished by the sudden reduction in chamber pressure (USAF 1986). The air
emissions from such an event would be similar to those produced during launch

(Table 4-1) and would consist of AI203 particulates, HCI, CO and NO x from the SRMU
fuel, and N 2, water, and CO 2from the hypergolic fuels. The amount of dilution at ground
level would depend on that distance and existing meteorological conditions. Because the
SRMU fuel would probably extinguish with rupture of the motor casings, it is unlikely that
air emissions would reach levels much higher than experienced in the exhaust cloud from a
normal launch. Wet HCl levels could be somewhat higher due to the water vapor resulting
from burning of the hypergols.

Some uncombusted solid and liquid propellant could enter nearby surface waters
(i.e., Banana River or Atlantic Ocean). Depending on the amount of fuel reaching the
surface waters, aquatic biota in the receiving area could be subjected to short-term
impacts. In the case of a release to the ocean, aquatic biota could die from exposure to
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hydrazine (from theAerozine-50 fuel) or from the nitrogen tetroxide. The USAF (USAF

1986) estimated that impacts to water quality and biota could be significant in the near-

shore area of the Atlantic Ocean extending for a distance of up to 2,438 m (8,000 ft) from

the ocean impact point. This assumes entry of a large amount of uncombusted fuels into

the ocean. Given the volume of the receiving waters offshore CCAS, the impacts would

be localized and short-term in nature. Entry of the propellant into the Banana River could

result in relatively more impacts, given the smaller receiving water volume. Fish kills and

mortality of other aquatic biota could be greater in the near-field plume, but, again, such

effects would be short-term.

Until the launch vehicle's instantaneous impact point clears land and is over the

ocean, a vehicle destruct could also affect the terrestrial environment through fire and

fragment impacts. Fire would affect the environment near the launch pad. Plants and

animals near the launch pad would probably die in the fire. Some biota could also die from

fragment impacts. The workforce in the launch exclusion area could also be affected,

although impacts should be relatively minor because of the protective measures normally

taken during a launch (e.g., shelters and protective clothing).

With a vehicular breakup or destruct further into the mission, the ocean could be

affected. Some amount of liquid propellant could enter the ocean, depending on the

amount of time afterliftoff before the accident occurs. Between the liftoff and the

separation of the solid rocket motors (about 146 seconds into the flight), the potential for

liquid propellant entering the ocean would diminish with increasing altitude. The liquid

propellant that could reach the ocean in concentrated quantities would decrease because

of the dispersing effects from the released propellant falling through the air. Beyond

135 seconds for an SRMU and 118 seconds for an SRM-equipped vehicle (when ignition

of the liquid propellant Titan IV engines occurs), the amount of liquid propellant available to

contaminate ocean waters would decrease rapidly with continued firing of the main liquid-

fueled rocket engines. Almost all of the liquid propellant would be consumed after 562

seconds into the mission for the SRMU-equipped vehicle, and 543 seconds for the SRM-

equipped vehicle, leaving a small residual in the engine.

Accidents that occur in the stratosphere or above would result in the spacecraft

and the remaining components breaking up during reentry through the Earth's atmosphere.

Most of the spacecraft would be expected to burn up. The GPHS modules from the RTGs,

as well as the RHUs, however, have been designed to survive this type of reentry and

would reach the Earth's surface intact. The consequences associated with GPHS modules

and RHUsimpacting the Earth's surface are addressed in Section 4.1.5. Some of the

debris from the broken-up spacecraft could also survive reentry. The GPHS modules, the

RHUs, and any surviving spacecraft debris could impact an area of the Earth's surface tens

of thousands of square kilometers (0.003 percent of the Earth's surface). Given that the

Earth's surface is about three-fourths ocean, impacts would most likely occur there.

Debris impacting on land areas could potentially strike persons inflicting injury or death, or

destruction of property. The likelihood of this occurring is small, however, when

worldwide population densities and worldwide water-land distributions are considered.

Nonradiological consequences of accidents involving an SRM-equipped Titan IV

would be similar to those described for the Titan IV (SRMU). Given the smaller inventory
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of solid rocket motor fuel in the SRMs and differences in fuel formulation, impacts would
probably be somewhat less in magnitude.

4.1.5 Radioloqical Accident Assessment

4.1.5.1 Safety Analysis Process

NASA, DOE, and their contractors (DOE 1989b, DOE 1990a), as well as
Interagency Nuclear Safety Review Panels (INSRPs) (INSRP 1989a, INSRP 1990), have
conducted extensive safety analyses of launching and operating RTG-powered spacecraft.
With respect to the Cassini mission, NASA and DOE are, therefore, building on an
extensive experience base that involves the following activities:

• Testing the RTGs, RHUs, GPHS modules, and fueled clads under simulated
launch accident environments

• Evaluating the probability of launch-related accidents

Modeling the behavior of the parts of the launch vehicle in different accident
scenarios to determine whether fragments from the vehicle, upper stage, launch
vehicle adapter, or other components will strike and damage the RTGs

• Estimating the outcomes of the RTG response to the launch accident
environments.

Before approval for the launch of the Cassini spacecraft, DOE will conduct a
detailed analysis of the risk associated with the use of the radioisotope systems

(specifically, the RTGs and RHUs) for the mission and document the analyses in Final
Safety Analysis Reports (FSARs). Similar analyses were performed for the Voyager
missions in the 1970s and for the Galileo and Ulysses missions in 1989 and 1990.
Although the FSARs (in support of the launch approval process) for the Cassini mission
will not be completed until 1996, many tests and analyses performed for the Galileo (DOE

1988b, DOE 1989b) and Ulysses (DOE 1990a) missions were used as a baseline of safety
information and analytical techniques for the Cassini mission.

The safety analysis for each specific mission begins with NASA's identification of
the accident scenarios and associated adverse conditions (called RTG accident

environments) that may challenge the RTGs, along with the probability of the accident
occurring (i.e., the initiating accident probability). Then DOE determines the response of
the RTGs to the accident environments using the extensive data base on RTG materials
and performance characteristics that DOE has gathered from its RTG testing and analyses
during the past 12 years. If the accident environments are severe enough, a release of
radioactive material from a RTG can occur. This release is called a source term. The

response of the RTG to the accident environment is described in part by the estimated
source term (measured in becquerels [Bq] or curies [Ci]), the particle size distribution of the
material released, and the location of the release, as well as by the probability that the

accident environment will cause a release (i.e., the conditional probability). The product of
the initiating probability and the conditional probability is the total probability that a release
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of radioactivematerialcould occur in agiven accident scenario. Afurther analysis of the
release is then performed to estimate the potential health and environmental impacts.

In addition, NASA, DOE, and their contractors evaluated representative accident
scenarios associated with the Cassini mission specifically for this EIS. These analyses
(DOE 1995, Martin Marietta 1992, Martin Marietta Astro Space 1993, JPL 1993f,
Halliburton NUS 1994a) form the basis for the radiological accident assessments. The
planned FSARs for the Cassini mission are expected to provide more comprehensive
analyses than are available for this EIS and will provide a much more detailed evaluation of
the full range of accidents and environments that could occur during the Cassini mission.

Moreover, under Section 9 of Presidential Directive, National Security Council
Memorandum #25 (PD/NSC-25), a separate nuclear launch safety review is conducted of
DOE's safety analysis by an ad hoc INSRPformed for the Cassini mission. The panel is
composed of members from the Department of Defense (DOD), DOE, and NASA,
supported by experts from other government agencies, national laboratories, and
universities. INSRP will review the DOE FSARsand will evaluate the nuclear risks

associated with the mission, and document its evaluation in a Safety Evaluation Report
(SER). The SERis a pre-decisionaldocument which is submitted to NASA, the White
House Office of Science and Technology Policy (OSTP), DOE, and DOD for use in the
Presidential decision-making process. The Presidential decision-making process is invoked
after the NASA Administrator requests nuclear launch safety approval through the Director
of OSTP. The nuclear launch safety of the mission may be approved by the Director of
OSTP, or, if the Director deems it advisable, the matter will be forwarded to the President
for decision.

This EIS for the Cassini mission occurs early during the overall safety analysis
process. The safety review and evaluation for this EISis based on the best currently
available information. For the Proposed Action, four representative launch accident
scenarios and their associated accident environments were investigated for Phases 1

through 6 (i.e., ignition through Earth escape). The details of the Titan IV
(SRMU)/Centaur, a summary of the potential failure modes, the environments that could

result from the accidents, and the initiating probabilities of the accidents are presented in
the Titan IV CRAF/Cassini EIS Databook (Martin Marietta 1992).

In support of this EIS, Martin Marietta Astro Space (formally the Astro Space
Division of the General Electric Company) used the Titan IV CRAF/Cassini EIS Databook
(Martin Marietta 1992) to estimate the response of the RTGs to the representative
accident scenarios and environments based on test data and previous analyses for the

Ulysses and Galileo missions. In addition, the potential source terms for each of the four
major representative accident scenarios for Phases 1 through 6 identified by NASA were
estimated. The details of the RTG response and the source terms that could result from
the analyzed accidents for the Titan IV (SRMU)/Centaur are given in the RTG Safety
Assessment (Martin Marietta Astro Space 1993) for Phases 1 through 6.

In addition, NASA and DOE reviewed possible accidents and failures that could

occur during the interplanetary cruise of the spacecraft on its trajectory to Saturn and
estimated both the probability and consequences of failures that could result in an

4-33



inadvertent reentry into the Earth's atmosphereby the spacecraft (JPL 1993f, Halliburton
NUS 1994a). All launch opportunities usingthe Titan IV(SRM) involving an Earth-Gravity-
Assist (EGA)would be identical to those using the TitanlV (SRMU)/Centaur. Accordingly,
the EGA inadvertent reentry conditions and associatedrisks, as describedin Preliminary
Risk Analysis for the Cassini Mission (Halliburton NUS 1994a), would be identical for the
Titan IV (SRM)/Centaur.

Consequence and risk analyses (Martin Marietta Astro Space 1993, Halliburton NUS
1994a) for this EIS were performed using basic assumptions, models, and techniques
similar to those reported in the Ulysses EIS (NASA 1990) and developed for the Ulysses
FSAR (DOE 1990a). Expectation and maximum case radiological consequences and
expectation risk were estimated for the launch accident scenarios identified in this EIS.

The Cassini FSARs, currently scheduled for completion in 1996, are expected to
expand the accident analyses in several areas. Monte Carlo analyses of the potential fuel
release scenarios for each of the launch accidents are planned using a Cassini-specific
Launch Accident Scenario Evaluation Program (LASEP), similar to the analyses performed
for FSARsfor the Galileo and Ulysses missions (DOE 1989b, DOE 1990a). These analyses
should indicate the conditional probability of a fuel release and the amount of damage to
the fueled clads once the initiating failure has occurred. Additional work is also expected
on the response of the RTG modules to the aerodynamic and thermal conditions expected
during an inadvertent reentry associated with an Earth swingby. The Cassini FSARs are
also expected to include an uncertainty analysis.

4.1.5.2 Accident Scenarios and Environments

This section briefly discusses the four representative accident scenarios and their

associated RTG environments for the launch phases (Phases 1 through 6) of the Cassini
mission. In addition, the environment associated with an inadvertent reentry during
interplanetary cruise of the spacecraft is also addressed. More detailed information about

Phases 1 through 6 accident scenarios and environments is provided in several references
(Martin Marietta 1992, Martin Marietta Astro Space 1993, Halliburton NUS 1994a).

The Titan IV (SRMU)/Centaur for the Cassini mission is extensively described in the
Titan IV CRAF/Cassini EIS Databook (Martin Marietta 1992). This databook also

summarizes the potential failure modes for each of the major elements of the Titan IV
(SRMU)/Centaur launch system that could result in accident environments posing potential
threats to the RTGs on the Cassini spacecraft during Phases 1 through 6.

Four specific accident scenarios were identified as representative of failures that
could potentially occur during launch of the Cassini spacecraft:

• Command Shutdown and Destruct

• Titan IV (SRMU) Fail-to-Ignite
• Centaur Tank Failure/Collapse
• Inadvertent Reentry From Earth Orbit.
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These scenarios were chosen based on the collective expert judgment that the resulting

environments represent the range of credible severe situations and the majority of failures

likely to occur result in one of these four scenarios (Martin Marietta 1992). Accidents of

concern were then arrayed by the mission launch phase in which they could occur. (See

Section 2.2.7 for a discussion of mission launch phases.)

The environments for each of the potential accident scenarios (see Table 4-5) were

then analyzed in terms of blast overpressures, fragments, impacts, fire and/or reentry

conditions that could threaten the RTGs. The blast overpressures and fires result from the

explosion or detonation of the liquid and solid propellants on the launch vehicle.

Fragments are generated from the breakup of various launch vehicle components. The

reentry conditions refer to the angles of reentry orientation, velocities, and heating

environment of the GPHS modules following breakup of the spacecraft.

In addition to the Phases 1 through 6 accident scenarios identified, NASA reviewed

the potential accidents and failures that could occur during the interplanetary cruise of the

spacecraft on its trajectory to Saturn, and identified two accident scenarios that could lead

to an inadvertent reentry of the spacecraft into the Earth's atmosphere. The short-term

inadvertent reentry involves an accident/failure occurring during the Earth swingby process

that results in an uncontrollable spacecraft being placed on an Earth-impacting trajectory.

The long-term inadvertent reentry involves losing spacecraft control prior to the final

gravity-assist for that trajectory. The long-term inadvertent reentry would also require the

spacecraft to enter an orbit that crosses the Earth's orbital path and additionally reenter

the Earth's atmosphere. The Cassini Earth Swingby Plan (JPL 1993f) evaluates the

proposed VVEJGA and VEEGA trajectories and presents the results of a failure mode

analysis for the spacecraft, navigation, and operations during the interplanetary cruise

portion of the mission.

The following paragraphs briefly describe each of the postulated accident scenarios

for Phases 1 through 6 and the two inadvertent reentry scenarios for the interplanetary

cruise portion of the mission.

Command Shutdown and Destruct

At any time during Phases 1 through 5, the Flight Control Officer could elect to

activate the command shutdown and destruct system (CSDS) and destroy the launch

vehicle. The CSDS is initiated only when the trajectory of the launch vehicle threatens

land or populations. Destruct mechanisms would be in place on the launch vehicle,

including the core vehicle, the Centaur, and the SRMUs. These destruct mechanisms

would ensure that the propellant tanks and/or the solid rocket motor cases split, thrust

terminates and propellants disperse, depending on the vehicle configuration at the time
when the CSDS is activated.

The most significant environments threatening the RTGs from a CSD scenario

would be the blast overpressures (shock waves) from the explosion of the liquid

propellants and fragments generated by the breakup of the Cassini spacecraft, the

Centaur, and the SRMUs. The RTG Safety Assessment (Martin Marietta Astro Space

1993) indicates that in a Phase 1 CSD scenario, the RTGs will be damaged and will either
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fall to the launch pad, ground, or ocean surface. The blast overpressures alone are not
expected to be sufficient to seriously threaten the integrity of the GPHS modules.
However, a secondary impact of the damaged RTG on a hard surface could result in a fuel
release. While most fragments would not be expected to have sufficient momentum to
severely threaten the RTGs, two types of SRMU fragments, the staging rockets and igniter
assemblies, could have sufficient momentum to release the GPHS modules as free objects

to impact the ground surfaces. The resulting distortions to the fueled clads from the
fragment environment and hard surface impact could result in small fuel releases (Martin
Marietta Astro Space 1993).

The physical location of the RTGs near the top of the launch stack would offer
protection to the RTGs from most of the fragments that would be generated from the
destruction of the launch vehicle.

The surface impact velocity threshold for damage to the RTGs that results in a fuel
release is approximately the terminal velocity (55.8 m/s [183 ft/s]) of a tumbling RTG.
The RTGs would not be expected to have velocities in this range unless the CSD occurs
afterT + 6 seconds in Phase 1. If the CSD occurs earlier in Phase 1, the impact velocity

of the RTGs on the concrete pad or similar hard surface would not be expected to result in
a fuel release.

Should a CSD occur during Phase 5, reentry heating would remove the RTG
converter housings leaving GPHS modules to reenter individually by design. If this
occurred during the 8 seconds when the Instantaneous Impact Point (liP) is over Africa,
individual reentering GPHS modules could impact rock surfaces with fueled clad failure
possible. For other portions of Phase 5, as well as for Phases 2-4, a CSD would result in
the RTGs and/or modules impacting the ocean waters and sinking with no release
expected (DOE 1990a).

Titan IV (SRMU) Fail-to-l.qnite

The failure of one SRMU to ignite at T =0 (Phase 1) would cause the Titan IV with
the Centaur and spacecraft to fall in the vicinity of the launch pad (Martin Marietta 1992).
If such a failure occurred, the entire launch vehicle would probably begin a rigid body
tipover. At about 4 seconds, the vehicle would have tipped to between 25 and 29
degrees from the vertical, and the nonignited SRMU would physically separate from the
rest of the launch vehicle. At about 6seconds, theaftend of the motor would contact

the ground first, with the rest of the vehicle then rolling over and crashing. The ground
impact would cause the Cassini spacecraft, Centaur, and core vehicle propellant tanks to
rupture, and the propellants would mix and explode. The payload fairing would be blown
apart by the explosion.

The shock wave from the explosion of the Centaur propellants would completely
remove the RTG converter and possibly the graphite components of the RTG, thereby

releasing bare-fueled clads. Even if the bare clads were subsequently struck by fragments,
only one type of fragment; i.e., SRMU nose cone fragments, could be sufficiently energetic
to causea breach. The maximum velocity of the upper portion of the vehicle at the time

of ground impact would not be sufficient to cause the clads to breach, even if they
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impactedconcrete. Thus, only the bare-fueledclads struck by the most energeticSRMU
nose cone fragments could possibly fail and releasefuel to the environment (Martin
Marietta Astro Space 1993).

Centaur Tank Failure/Collapse

The Centaur propellant tanks could fail or collapse during the period while the RTGs
are being installed and the propellant tanks filled until immediately after the end of the
second Centaur main engine burn when the spacecraft escapes Earth (Martin Marietta
1992). Equipment failures, exceedance of operating or processing requirements, and
software or human error could cause the Centaur tank failure/collapse. The Centaur tank

assembly could rupture in three ways, resulting in mixing the liquid hydrogen and oxygen
propellants: the liquid oxygen tank could rupture to the external surroundings, the liquid
hydrogen tank could rupture to external surroundings, or the intermediate bulkhead
between the oxygen and hydrogen tanks could fail resulting immediately in rupture to
external surroundings. These failures could result in an explosion of the Centaur
propellants.

The predicted overpressures (shock waves) from the explosion of the Centaur
propellants that would follow a Centaur tank failure/collapse are not expected to result in a
release of plutonium fuel. The predicted overpressures and static impulses would be
substantially lower than those found necessary in experimental tests to strip the converter
shell from the RTG. The momentum of the resulting fragments would also be substantially
below the threshold at which incipient breaching of the fueled clads was observed in
experimental tests (Martin Marietta Astro Space 1993). Because the RTGs are expected
to remain essentially intact after a Centaur propellant explosion, RTG fuel could be
released only if the RTGs struck a hard surface end-on with sufficient velocity. Similarly,
as for the CSD scenario, the RTGs would not be expected to have impact velocities
leading to a release unless the Centaur Tank Failure/Collapse scenario occurred after T + 6
seconds in Phase 1. If the Centaur Tank Failure/Collapse occurs earlier in Phase 1, the
impact velocity of the RTGs on the hard surface would not be expected to result in a fuel
release.

In Phase 5, a Centaur tank failure/collapse would probably result in the breakup of
the spacecraft. Upon atmospheric reentry, the RTG aluminum casing would melt by
design releasing the GPHS modules, which would reenter as discrete bodies. It should be
noted that there is only an 8-second period during Phase 5 in which the modules could

impact limited portions of the African continent under the vehicle flight path. During the
balance of Phase 5, the modules would impact in the ocean. Only those GPHSmodules
which impact a rock surface on the African continent could release fuel.

Inadvertent Reentry From Earth Orbit

Some potential failures associated with Phase 6 could result in the breakup of the
spacecraft and the RTGs, with the GPHS modules independently reentering the Earth's
atmosphere intact and impacting the surface of the Earth. Failures leading to reentry
during Phase 6 include the failure of the Centaur to ignite for its second burn, mechanical
and electronic failures, and guidance malfunctions. The types of trajectories that could
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result from such failures include escapefrom Earthorbit, gradualorbit decay, reentry, and
a powered reentry. Escapefrom Earthorbit is not consideredatype of reentry, but a type
of unplannedtrajectory with the spacecraft exiting from the Earth's gravitational pull.
Most inadvertent reentries in Phase6 would result from orbital decay with reentry
velocities of about 7.8 km/s (25,592 ft/s). Powered reentriescould have reentry velocities
of up to about 11 km/s (36,091 ft/s). Everyfailure would not leadto a reentry trajectory.
However, for those yielding a reentry, the Cassinispacecraft (including the RTGs)would
undergothermal and mechanicalbreakup. In some cases,only the Cassini spacecraft
would reenter; for others, both the Centaurand Cassinispacecraft would reentertogether.

The responseof the CassiniRTGsto reentry from Earthorbit (Phase6) would be
consideredessentiallythe sameasthat for the Ulyssesmission (NASA 1990). The RTGs
aredesignedso that the GPHSmoduleswill survive reentry from Earthorbit without fuel
releaseunlessthey strike a hard surface. The graphite (carbon-carboncomposite)
aeroshellservesas a heat shield to directly contain the reentry thermal and structural
environmentswhile the graphite materialsthermally insulate the fueled clad from the
aeroshell's resultinghigh temperatures. Given the predicted reentry latitude bandsbased
on the analysesdone for the Ulysses FSAR(DOE1990a), an averageof three GPHS
modulesarepredicted to strike a rock surfacewith an accompanyingfuel release. Impact
on soil or water is not expectedto result in a fuel release.

Accident Scenarios and Environments with the SRM-Equipped Titan IV

If the Titan IV (SRMU)/Centaur were not available for the Proposed Action launch
opportunities, the Titan IV (SRM)/Centaur would be used. The accident scenarios and
environments were reviewed relative to the Titan IV (SRMU)/Centaur. Analysis of the
Titan 34D-9 launch accident, which occurred April 1986, was also considered. It was

estimated that the only threat to the RTGs from the SRMs would arise from the fragments
generated in the breakup of the nose cone and possibly the forward closure of the forward

SRM segment. Only these fragments travel on a path that could possibly intersect the
RTGs (Martin Marietta Astro Space 1994c). The effect of employing SRMs on a Titan IV
vehicle for the Cassini mission would be expected potentially to present a somewhat
increased fragment hazard (from the hazard level associated with use of the SRMUs) to
the RTGs in the event of a vehicle accident.

Short-Term Inadvertent Reentry During Earth Swinqby

The short-term reentry scenario involves problems that could occur prior to the
Earth swingbys of theVVEJGA and VEEGAtrajectories. If an accident or failure
(environmental, internal, or ground-induced) resulted in the loss of control of the

spacecraft prior to an Earth swingby, the spacecraft could conceivably be placed on an
Earth-impacting trajectory. (Earth impact is defined as the spacecraft reentering the
Earth's atmosphere.)

NASA will take specific actions to ensure the probability of Earth reentry will be
below 1 in a million. These actions include spacecraft and mission design elements, such
as extra micrometeroid protection, raising of the minimum Earth swingby altitude from
300 km (990,000 ft) to 500 km (1,600,000 ft), additional biasing away from the Earth for
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the trajectory, and mandating specialpolicies regardinguplinking real-timecommandsand
proscribinguplinking real-timecommandsduring parts of the swingby.

During the VVEJGAtrajectory of the primary launchopportunity, the spacecraft
would fly past the Earth at an altitude of 500 km (1,600,000 ft) and at a velocity of
19.1 km/s (62,700 ft/s) (JPL 1993f). During the VEEGAtrajectories of the secondaryand
backuplaunch opportunities, the spacecraft would fly past the Earthat altitudes and
velocities rangingfrom 1,500 to 500 km (4,900,000 to 1,600,000 ft) and
16.5 to 17.3 km/s (54,000 to 56,800 ft/s) for the first and secondEarthswingbys,
respectively.

NASA and DOE have conducted preliminary analyses of the Cassini spacecraft's
response to a postulated accidental reentry scenario during the Earth swingby phase of the
mission (McRonald 1992a, McRonald 1992b, Foils Engineering 1993, Martin Marietta
Astro Space 1994a). The primary factor influencing the spacecraft's response is its
reentry angle (i.e., the spacecraft's flight path relative to the surface of the Earth directly
below the point of entry). If the spacecraft's flight path angle is very shallow (i.e., less
than 7 degrees), the spacecraft is predicted to skip out of Earth's atmosphere without
impacting the Earth. Shallow angle reentries were defined as those between 7 and
20 degrees, where steep angle reentries were defined as those between 20 to 90 degrees.
Both shallow and steep reentries would subject the spacecraft to severe thermal and
mechanical stresses, resulting in the breakup of the spacecraft. Steep reentry angles will
subject the GPHS modules to large heating rates and thereby subject the aeroshell to
maximum mechanical and thermal stresses. Release of the GPHS modules could occur at

altitudes ranging from 67 to 93 km (220,000 to 305,000 ft), depending on the reentry
angle. The GPHSmodules would then be subjected to severe aerodynamic drag and
resulting thermal and mechanical stresses caused by rapid deceleration from the
approximately 16.5 to 19 km/s (54,000 to 62,300 ft/s) initial reentry velocities to their
terminal velocity (approximately 50.3 m/s [165 ft/s]).

Lonq-Term Inadvertent Reentry From Interplanetary Cruise

During the non-swingby or interplanetary cruise portions of the gravity-assist
trajectories prior to the final gravity-assist, a failure could result in a loss of spacecraft
control. If control of the spacecraft was lost and could not be reestablished, the
spacecraft could drift in its orbit around the Sun and potentially impact the Earth a decade
to centuries later. If the spacecraft fails to enter orbit about Saturn, the resulting
trajectories (if altered at all) would tend to be ones that either eject the spacecraft from
the solar system or do not cross the Earth's orbital path.

The response of the spacecraft to a long-term reentry would be assumed to be
similar to the short-term inadvertent reentry cases. Breakup at high altitude and release of
the GPHS modules would be expected. Preliminary analysis indicates a distribution of

possible reentry angles, reentry velocities, and reentry latitudes (JPL 1993f). Although
these predictions are uncertain, they would generally fall within the range of the short-term
reentry analyses for theVVEJGA and VEEGAtrajectories. The atmospheric reentry
conditions affecting the GPHS modules on a long-term reentry were assumed to be no
worse than those predicted for the VVEJGA short-term inadvertent reentry.
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4.1.5.3 Probabilitiesfor the Initiating Accidents

This section summarizesthe launchsystem failure probability analysis. A detailed
explanationof the analysiscan be found in Chapter 10 of the Titan IV CRAF/Cassini EIS
Databook (Martin Marietta 1992).

Phases 1 Throu.qh 6 Accidents

The Titan IV CRAF/Cassini EIS Databook (Martin Marietta 1992) presents estimates

of the launch failure probabilities with uncertainties for each of four representative
accident scenarios that could occur in Phases 1 through 6.

The probability analysis examined the Titan, Centaur, and the Cassini spacecraft

separately and then combined the three vehicle analyses at the end of the process, using a
Monte Carlo technique, to arrive at a total launch stack probability. The analysis used for

the spacecraft implemented a top-down system-level approach that relied extensively on
expert engineering judgment for the estimation of credible intervals for the probabilities of
spacecraft-induced accident scenarios.

The methodology used for both the Titan IV and the Centaur combined analytical
data and failure rate predictions with actual flight history data using an approach facilitated

by BayesTheorem. The theorem allows analytical evaluations (e.g., failure rate analyses
and predictions) to be combined mathematically with observed evidence (actual Titan and
Centaur flight experience; Centaur ground test data) to develop the probability of failure
during a single launch. The analytical evaluations or failure rate predictions were
generated using Failure Mode Effects and Analysis (FMEA) data bases. The observed
evidence or flight history information included the flight history of all Titan (excluding
Intercontinental Ballistic Missile flights) and Centaur vehicles through mid-July 1992 to

support publication of the initiating accident probabilities for Chapter 10 of the Titan IV
CRAF/Cassini EIS Databook in September 1992. The Bayesian technique accounted for

changes in the configuration of both the Titan and the Centaur due to design evolution
over the years.

The flight history data that was utilized extended over a 30-year period for both the
Titan and the Centaur. By the time data gathering for the Titan IV CRAF/Cassini EIS
Databook was completed, the Titan family of launch vehicles had been used for over 320
launches. Titans have launched spacecraft carrying RTGs five times, and have carried
astronauts aloft 10 times. The Centaur at the time the EIS Databook in September 1992

was completed had been involved in 82 launches, 70 of which were successful; six of the
70 were also carrying RTGs. Since June 1989, the Titan IV (SRM) has been involved in
eleven successful launches; one launch in August 1993 failed due to a malfunction in one
of the solid rocket motors.

In addition, there have been twelve Centaur flights since mid-July 1992 involving

eight Atlas/Centaur launches and four Titan IV (SRM)/Centaur launches. One Centaur
failed during an Atlas I launch in August 1992 in which one of the two Centaur main
engines failed to start. Although the Atlas launch vehicle carrying a Centaur also failed in
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March 1993, the Centaurseparatedand performedas expected. The four Titan IV
(SRM)/Centaurlauncheswere all successful.

Becauseinherentuncertaintiesare associatedwith predicted future events, the
probability distribution for the accident scenarios,by missionphase, were reported at the
5-percent, 50-percent, mean, and 95-percent levels. Although the historical flight data
have not beenupdated to include all similarly designedlaunchvehiclesand spacecraft
launchedsubsequentto completion of the EISDatabook, the uncertainties as expressedby
the probability distributions would encompassmost identifiable failure modes and/or
accidents. It is unlikely, therefore, that any new information would substantially change
the estimated overall initiating failure or accident probabilities. The Titan IV and Centaur
flight history, as of September1992 (dateof the completion of the EISDatabook),will be
updated in subsequentprobability analysesto support the FSARprocess. The EIS
Databookestimatesonly representthe probability of the initiating accident, not the overall
probability that the RTGwould bedamagedand that fuel would be released.

It should be noted that in the initial flight designfor Phase6, the spacecraftwould
be in a low Earth parkingorbit for up to 1 day. This short time periodwould not allow
recovery from some failure modes, such asfailure of the Centaurengine to restart, and
resulted in an estimated mean initiating probability of inadvertent reentry from Earthorbit
of 2.0 x 10.2 or about 1 in 50 (Martin Marietta 1992). To reducethe probability of reentry
from low Earth parkingorbit, new project requirementswere added in 1994 to use a
10-day parkingorbit. Upon successful Centaur/spacecraftseparation,the spacecraft
propulsionsystem would be used to achievea long-livedorbit. This would result in a
meaninitiating probability of inadvertent reentry from Earthorbit of 2.0 x 10-3 or about 1
in 500 (Bream1994).

Table 4-6 presentsthe full rangeof initiating accident probability (i.e., per mission
accident scenario frequency)estimates for the representativeaccident scenariosin
Phases1 through 6 (Martin Marietta 1992, Bream1994). The initiating accident
probability is the probability of a specific initiating accidentscenariooccurring. Even
though an initiating accident occurs, fuel is not always releasedto the environment.
Therefore,an additionalprobability, called a conditionalprobability, is alsoconsidered.

The conditional 13robabilityis the probability that the RTGswill sustain sufficient
damageto result in a releaseof plutonium dioxide fuel once a specific type of accident
(initiating accident) occurs. Therefore, the total probability of releasefor a given accident
scenariois the product of the probability of the initiating accident occurringand the
conditionalprobability of a plutonium dioxide release. Conditionaland total probabilities
will bediscussed in Section 4.1.5.4.

Initiatin.q Accident Probabilities Associated with the Titan IV (SRM)/Centaur

Initiating accident probabilities for the SRMU-equipped Titan IV were generated
based on previously developed hardware failure rate data for the SRM. This was

considered conservative because the SRMU is an upgraded or enhanced version of the
SRM. Although updated initiating accident probabilities for the Titan IV (SRM)/Centaur are
not currently available, these failure probabilities for the SRM are not expected to differ
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significantly from those for the SRMU. Therefore, it was assumedthat the initiating
probabilitiesfor the SRMwould approximatethose estimatedfor the SRMU.

Desi.qn Requirements Re.qarding Inadvertent Reentry

Mission and spacecraft design precautions must be taken to ensure that an
inadvertent reentry into Earth's atmosphere with a resulting impact upon the Earth's
surface does not occur during the Earth swingby(s) of the Proposed Action trajectories.
Moreover, design precautions must also be taken to prevent a loss of spacecraft control
during the interplanetary cruise to preclude a potential Earth impact years later.

To this end, a Cassini formal design requirement was imposed to ensure the
expected probability of Earth impact does not exceed 10 .6 (i.e., 1 in a million) (JPL 1993f):

Following injection, the probability of Earth impact by the spacecraft shall not
exceed 10 -6 taking into account potential failures.

To verify that this requirement can be satisfied during the mission, an assessment
of the Earth impact probability was performed byJPL (JPL 1993f). TheJPL study was
conducted to determine the necessary actions in spacecraft, ground system, and

navigation to ensure that the probability of Earth impact would satisfy the design
requirement. The study also included a quantitative assessment of the probability of Earth
impact, including evaluation of the uncertainties in the assessment process. Additional
details of that study can be found in Appendix B. JPL has performed the necessary
actions in spacecraft, ground system and navigational design to ensure that the Cassini
mission complies with the 10 .6 design requirement (JPL 1993f). Some of the design

changes included additional micrometeoroid protection, raising of the minimum Earth
swingby altitude from 300 km to 500 km (9.9 x 105 to 1.6 x 106 ft), additional biasing

away from the Earth for the trajectory, and mandating special policies regarding uplinking
real-time commands during parts of the swingby. Additionally, an independent review
panel found the approach taken by JPL to assess the probability of inadvertent reentry to
be sound and reported that JPL's results are reasonable (Cassini Swingby Independent
Review Panel 1995).

Short-Term Inadvertent Reentry Probability Assessment

The short-term Earth-impact component is the contribution resulting from the
navigation of the planned Earth swingbys for a given trajectory (VVEJGA or VEEGA).
Calculating the short-term probability of Earth impact required evaluating three factors:
the failure probabilities and associated anomalous velocity changes, the uncertainties in
the navigation process, and the characteristics of the spacecraft trajectory.

To keep the short-term inadvertent reentry probability low, a trajectory-biasing
strategy is used. During most of Cassini's inner solar system journey, the spacecraft is on
a trajectory that, without further maneuvers, would miss the Earth by tens of thousands of
kilometers. The spacecraft would not be placed on a trajectory passing through the actual
Earth swingby point, as close as 500 km (1.6 x 106 ft), until 10 days prior to the Earth

4-44



swingby for the VVEJGA, and 7 days prior to each of the two Earthswingbys for the
VEEGA.

An extensivefailure mode analysisof the spacecraftand ground support systems
was performed(JPL 1993f) to identify failuresthat couldresult in sufficient spacecraft
directional and velocity changesto place the spacecraft on an Earth-impactingtrajectory.
Threegeneralcategoriesof failures were evaluated: environmentally-inducedfailures, such
as micrometeoroid impacts; internal failures, such as stuck thruster valve and electronic
failures; and ground-inducedfailures, such as incorrect navigationcommands. Unlessthe
failure completely incapacitatesthe spacecraft, the normalcourse of action is to accurately
determinethe spacecraft trajectory and, if required,commanda recovery sequenceto
modify the trajectory and avoid Earthreentry.

For most of the failures identified, redundantbackupsystems and adequatetime
exists to correct any problemsand avoid Earth impact. Of all the failure modes identified,
only micrometeoroid-inducedpropellanttank ruptures contribute significantly to the short-
term impact probability. The contribution of all other environmental, internal and external
failures is small, principallybecauseeither they do not changethe spacecraft's trajectory
enoughto placethe spacecraft on an Earth-impacttrajectory or adequatetime or backup
systems exist to correct the problem.

The navigation plan is to utilize a trajectory biasingstrategy which breaksthe
overall trajectory, from leavingEarth's gravitational field after launch to the Earthswingby,
into segments. The final aimpointat Earthneededto satisfy the requiredswingby
conditions is not imposeduntil the final segment. Beforethe final segment, the spacecraft
trajectory remainsbiasedaway from Earthso that the potential changesin the trajectory
causedby any problemswill not result in the spacecraft reenteringthe Earth's atmosphere.
This is accomplishedby predicting how much each type of failure could changethe
spacecraft's trajectory and ensuringthat the navigationplan keepsit far enough away
from Earthso that anychangescausedby a failure would not changethe coursetoward
an Earth intercept.

The probability of Earth impact is presentedas a probability density function (PDF)
over the modeluncertainties. To calculatea PDFfor the short-term Earth impact
probability, it was necessaryto perform a Monte Carlosimulation for both the 1997
primary and 1999 backuptrajectories. The meanvaluesfor the resultingdistributions are
7.6 x 10-7 and 4.7 x 10.7, respectively (JPL1993f). Forthe backuptrajectory, the first
Earthswingby hasa probabilityof 1.9 x 10-7while the secondEarthswingby hasa
probability of 2.8 x 10.7. Becausethe trajectoriesfor the secondaryand backuplaunch
opportunities are similar, the Earth impact probability for the secondaryis expectedto be
similar to the backup. The contribution to short-term Earth impact probability, however, is
expectedto be less for the secondarymission becausethe first Earthswingby altitude is
much higher than that of the backupmission. In general,the Earth impact probability
decreasesas the swingby altitude increases. Appendix Bofthis ElSpresentsfurther
details.

Lon.q-Term Inadvertent Reentry Probability Assessment

The long-term Earth-impact component is the contribution from a failure during
interplanetary cruise that leads to a disabled spacecraft drifting into an Earth crossing orbit
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so that it reencounters the Earth sometime beyond the nominal Saturn encounter date.

For this analysis, the possibility of impact during the first 100 years was considered. The

significant spacecraft failure mode for the long-term component is internal failure of a

spacecraft system (JPL 1993f). The probability of long-term inadvertent Earth reentry

given a failure is influenced by the trajectory characteristics of the spacecraft at the time

of failure. Failures on legs targeted to Venus or Earth swingbys tend to result in

trajectories that remain in the vicinity of Earth's orbit. Failures on legs targeted to Jupiter

or Saturn tend to result in trajectories that never return to the vicinity of Earth's orbit. The

gravity-assists by the massive outer planets virtually ensure that failures during the last

73 percent of the primary and last 44 percent of the backup interplanetary cruise do not

result in the possibility of an Earth reentry (JPL 1993f).

The long-term reentry analysis computes the probability of Earth impact of a non-

targeted swingby from the time of spacecraft failure to 100 years beyond the planned SOl.

This computation encompasses the long-term probability of Earth impact, projected

spacecraft failure probabilities, associated anomalous spacecraft velocity changes, the

uncertainties in the navigation process, and the long-term motion of the spacecraft. Only

failures that would cause the spacecraft to become uncommandable with no chance of

recovery were considered in the long-term inadvertent reentry probability assessment.

Using existing theory on Earth-crossing asteroids, a Monte Carlo analysis identified

the number of crossings of the spacecraft through the path of the Earth. The spacecraft

must cross the Earth's orbital path, and, at the time of the crossing, the Earth must be in a

position for an impact to occur. An uncertainty analysis was performed to yield the

probability distributions for both the number of orbital crossings per case and the

probability of Earth impact given that a crossing occurs. These distributions were

combined with the spacecraft failure distribution to yield a PDF for the long-term Earth

impact probability.

The mean long-term impact probability over 100 years is 6.0 x 10 .8 for the primary

mission and 4.0x 10 .7 for the backup mission (JPL 1993f). The impact probability is

larger for the backup mission due to the longer cruise duration and the different

interplanetary trajectory characteristics. It is reasonable to assume that the long-term

probability associated with the secondary launch opportunity would be similar to or less

than that for the backup opportunity. In nearly all cases, an important result of the

analysis is that for failures occurring during the latter half of the interplanetary cruise for

both launch opportunities, the spacecraft would be quickly ejected from the solar system

by a strong Saturn gravity-assist, thereby precluding any possibility of Earth impact.

4.1.5.4 Potential Accident Source Terms

The expectation and maximum case source terms were developed in the RTG

Safety Assessment (Martin Marietta Astro Space 1993) for the Titan IV (SRMU)/Centaur

and subsequently supplemented (Owings 1994a) based on an evaluation of the response

of the RTGs to accident environments with consideration given to RTG component safety

test data and accident analyses performed for the Ulysses mission (DOE 1990a). The

expectation source terms for a given accident scenario represent a probability-weighted

source term, based on a range of release conditions considered in the analysis. The

maximum case source terms correspond either to the upper limit deemed credible for the

scenario based on consideration of supporting analyses and safety test data, or to a total
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probability greater than or equal to a probability cutoff of 1.0 x 10 -7. In either case, the
estimates are nominal in that no uncertainties are considered. The uncertainties are

expected to be addressed in the Cassini FSARs. Larger source terms with correspondingly
lower probabilities may ultimately be predicted for the Cassini FSARs.

Since the publication of the DEIS, ongoing analyses of the potential accident
scenarios and environments and testing of the spacecraft hypergol fuels indicated that the
launch vehicle configuration for the Proposed Action would not require a Space Vehicle
Destruct System (SVDS) for the Cassini spacecraft. The analyses concluded that without
the SVDS, the resulting environments would not present increased hazards to the RTGs
(DOE 1995). Therefore, the estimated source terms and consequences presented in the
EIS (Sections 4.1.5.4 and 4.1.6) do not change.

As part of the nuclear launch safety approval process, DOE will prepare a more in-
depth evaluation of the potential consequences in the Cassini FSARs. NASA will review
the FSARs, when they become available, and will evaluate the information presented for
differences, if any, in the estimates of the potential consequences.

Phases 1 Throuqh 6 Accident Scenarios

The RTG Safety Assessment cnntains a detailed development of the source terms
estimated for each of the four representative accident scenarios identified for Phases 1
through 6 (Martin Marietta Astro Space 1993). The approach used for this safety
assessment was to estimate the response of the RTG to each of the accident scenarios on
the basis of the similarity of the associated accident environments to those analyzed in
detail for the Ulysses mission (DOE 1990a). The Ulysses mission FSAR was used because
it has the most recent analyses conducted and includes both the latest analytical
techniques and test data. In the inadvertent reentry from the Earth orbit scenario, the
conditions that the RTG would be exposed to in the Cassini mission are essentially
identical to those in the Ulysses scenario; therefore, many of the evaluations 3erformed for
the Ulysses mission are applicable to the Cassini mission.

Table 4-5, given previously, provides the associated RTG accident environments
applicable to each scenario by phase. Table 4-7 summarizes the source terms resulting
from the accident scenarios in Phases 1 through 6 and their total probabilities (initiating
accident probability times conditional release probability). In the first three accident
scenarios (Command Shutdown and Destruct, Titan IV (SRMU) Fail-to-Ignite, and Centaur
Tank Failure/Collapse), none of the initial explosions that could occur are predicted to
result in a release of plutonium dioxide fuel. An SRMU nose fragment impact on bare
fueled clads occurring as a result of a Titan IV (SRMU) Fail-to-Ignite accident scenario
could result in a fuel release. The other releases of radioactive fuel predicted to occur
from these scenarios would result from the impact of the RTGs, GPHS modules, or fueled
clads on hard ground surfaces. These ground impacts were assumed to occur on concrete
surfaces in the launch pad area during Phase 1 and on rock in Phase 5 during the portion
of the trajectory when the instantaneous impact point of the launch vehicle is over Africa.
Inadvertent reentry during Phase 6 could result in a fuel release for any GPHS modules
impacting rock surfaces. No source terms have been identified for Phases 2, 3, and 4
(Martin MariettaAstro Space 1993). Should the SRM-equipped Titan IV be used, the RTG
damage is expected to be nearly the same as for the Titan IV (SRMU)/Centaur (Martin
Marietta Astro Space 1994c).
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Short-Term Inadvertent Reentry Durin.q Earth Swinqby

A detailed development of the expected source terms for the inadvertent reentries
associated with the VVEJGA and VEEGA trajectories is reported in Preliminary Risk
Analysis of the Cassini Mission (Halliburton NUS 1994a). This report summarizes the
expected probability distributions for reentry angle and reentry latitude, RTG breakup and
GPHS module release altitude versus reentry angle, aerodynamic and thermal behavior of
the GPHS modules on reentering, ablation of the GPHS modules under thermal stresses,
and reentry response of fuel particles as a function of reentry conditions. Additional
details can be found in Appendix B. Since swingby reentry conditions are independent of
the specific launch vehicle, radiological consequences associated with the Cassini
spacecraft on a VVEJGA trajectory are assumed to be the same for an SRMU- and SRM-
equipped Titan IV launch vehicle.

Based on reentry analyses, it was concluded that for both shallow (7-20 degrees)
and steep (20-90 degrees) reentry angles, the 54 GPHS modules (i.e., 18 modules per
RTG) would reenter independently and that the response of each GPHS module to the
thermal and mechanical stresses of deceleration during reentry could vary significantly,
depending on the reentry angle and motion of the GPHS during reentry. The preliminary
modeling indicated that complete burn-through of the graphite aeroshell could occur if the
GPHS module reentered in a broadside stable orientation. This could lead to the release of

the graphite impact shells (GlSs) and possibly the release of fuel particles at high altitude.
If the GPHS modules exhibit any significant tumbling motion during reentry, significant
ablation (about 60 percent of the aeroshell wall thickness) could occur, but burn-through is
not predicted.

Thus, the mechanical and thermal stresses resulting from the reentry heating at
high altitude is expected to result in the failure of the RTG housing and release of the 54
GPHSmodules. The variations in the reentry conditions that these 54GPHS modules

experience is predicted to result in a range of fuel end states, including damaged and
undamaged GPHS aeroshell modules, GISs, fuel chunks, and fuel particles and vapor.

Based on the best available information, evaluations determined that these fuel end
states were possible for both shallow and steep reentry angles. DOE staff and contractors
with expertise in RTG-reentry and RTG-safety developed probability estimates of the range
of potential fuel end states using Failure/Abort Sequence Trees (FASTs). The conditional
probability of the various fuel end states was based on the available analyses. This
approach allowed the estimation of the "expected" or probability-weighted fuel end states
predicted for theVVEJGA and VEEGA reentry cases evaluated. For eachswingby case,
the expectation source term for both the shallow and steep reentry cases was estimated.

Table 4-8 summarizes the expectation source terms for the VVEJGA and VEEGA
swingby inadvertent reentry accidents as presented in the Preliminary Risk Analysis of the
Cassini Mission (Halliburton NUS 1994a). Four basic fuel end states were selected as
representative of the possible combinations:

Intact GPHS Modules--The modules that survive reentry intact decelerate to
their terminal velocities, 50.3 m/s (165 ft/s), before they strike the Earth's
surface. The release of fuel from the fueled clad is not expected unless the
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GPHSmodulesstrike a hard surface, such as rock. For rock impacts, the
assumedreleasefraction is 25 percent. Forthe shallow and steepVVEJGA and
VEEGAreentry casesstudied, an averageof 34 (steep reentries) to 49 percent
(shallow reentries)of the GPHSmodules from the 3 RTGsareexpected to
survive reentry intact.

Intact But DamagedGPHSModulesWith Intact GISs--The post-reentry heating
conditions are assumedto degradethe modulesand GISsto the point that the
total releaseof fuel is assumedto occur from any GIS impacting rock surfaces
and a releaseof 25 percent is assumedif they strike soil. No releaseis
predicted from water impacts. For the reentry casesstudied, an averageof 10
to 11 percent of the GPHSmodulesareexpectedto survive reentry with
damagedbut intact modules.

Intact GISs--The GISsthat survive reentrydecelerateto their terminal velocities,
61 m/s (200ft/s), before they strike the Earth's surface. The GISswould
probably degradeto the point that the total releaseof fuel from the fueled clads
is assumedif they strike rock, and a releasefraction of 25 percent is assumedif
they strike soil. No releaseis predicted from water impacts. For the reentry
casesstudied, an averageof 7.3 (shallow reentries)to 23 percent (steep
reentries)of the GISsareexpectedto be releasedfrom the GPHSmodulesat
high altitude and to survive reentry.

FuelParticle and Vapor--For all the reentry casesstudied, about 32 to
34 percent of the fuel from the three RTGsis expectedto be releasedat high
altitude. An evaluationwas performed(Foils Engineering1993) to determine the
reentry responseof fuel particlesas a function of reentry conditions. Basedon
this analysisand the expectedinitial particle sizedistribution of the fuel, the
particle sizedistribution of the fuel releasedduring reentry was calculated as a
function of the reentry angle. The fraction of the fuel particles releasedduring
reentry estimated to be reducedto vapor or respirableparticles less than
10 microns (pm) rangesfrom 66 percentfor very shallow reentries(8 degrees)
to about 20 percent for steep (90 degree)reentries. The remainderof the fuel is
releasedin particulate form, with about 4 to 7 percent in the 10 to 6,000/lm
(0.004 to 0.24 in.) size rangeand the remainderin large piecesgreaterthan
6,000 pm (0.24 in.)in diameter.

The footprints for debris following spacecraft breakup for a range of reentry
conditions, including orbital decay, shallow- and steep-angle reentries, and VEEGA
inadvertent reentry conditions, were examined for the Galileo mission (McRonald 1988,
INSRP 1989b). The size and shape of the footprint of the debris (GPHS modules, GISs,
and larger fuel particles) following the breakup of the spacecraft during an inadvertent
swingby reentry are expected to vary considerably with the reentry angle. For Galileo,
using a VEEGA trajectory, a shallow angle reentry footprint could have had a length of
280 km (174 mi) or more, and a steep-angle reentry could have had a footprint of 50 km
(31 mi) long. For 90-degree (directly overhead) reentries, the footprint was predicted to
cover nominally 10 km 2 (4 mi 2) (Halliburton NUS 1994a).
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Further analysisof the fallout footprint was done as a function of reentry angle.
When the reentry anglesare probabilityweighted accordingto each Earth-Gravity-Assist
reentry type, the resulting footprint areaswere estimated (seeTable 4-9).

TABLE 4-9. ESTIMATED FOOTPRINT AREAS FOR REENTRY TYPES

Shallow Reentry Steep Reentry
Reentry Type km 2 (mi 2) km 2 (mi 2)

VVEJGA 27,600 4,800
(10,656) (1,853)

VEEGA (El)a 26,700 4,100
(10,309) (1,583)

VEEGA (E2) a 28,200 7,200
(10,888) (2,780)

Source: Halliburton NUS 1994a

a. E1 and E2 represent the first and second Earth swingbys for the VEEGA trajectory
identified for the secondary and backup launch opportunities.

Lon.q-Term Inadvertent Reentry From Interplanetary Cruise

The response of the spacecraft to a long-term reentry is expected to be similar in

character to the short-term Earth swingby reentry case with breakup at high altitude and
release of the GPHS modules. Preliminary analyses of the long-term reentry indicate that
the distribution of possible reentry angles, reentry velocities, and reentry latitudes generally
fall within the range of the short-term reentry analyses for the VVEJGA and VEEGA
trajectories (JPL 1993f). The atmospheric reentry conditions affecting the GPHS modules
on a long-term reentry were assumed to be no worse than those predicted for the VVEJGA
inadvertent swingby reentry.

There are uncertainties related to the amount of potential fuel release from a long-
term inadvertent reentry. These uncertainties would include timing of the reentry, which
has bearing on the composition of the plutonium dioxide fuel. The amount of fuel released

(i.e., source term) in a long-term reentry would be expected to be similar to that predicted
for the VVEJGA and VEEGA inadvertent swingby reentries and its radioactivity could be
less because of decay of theplutonium-238. The dominant radiologicalcomponent of the
fuel, plutonium-238, hasa half life of 87.75 years. Because of radioactive decay and
accounting for all the plutonium isotopes in the original fuel, the amount of plutonium
remaining after 100 years is 45 percent, after 500 years is 2 percent, after 1,000 years is
0.13 percent, and after 5,000 years is 0.08 percent. In addition, there are other

uncertainties related to the aging of the RTG components and the total world population
and its distribution at the time of reentry.
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4.1.6 Environmental Consequences and Impacts of Radioloqical Accidents

The following sections discuss the methodologies and radiological consequences
associated with a mission accident. Section 4.1.6.1 describes the methodologies that lead

to the radiological consequences (Section 4.1.6.2). Section 4.1.6.3 describes the impacts
to the affected environment determined by the CCAS regional area and global area. It
should be noted that the radiological methodologies and consequences of an inadvertent

reentry during the interplanetary cruise portion of either the VVEJGA or VEEGA are
associated with the short-term inadvertent reentry only.

4.1.6.1 Radiological Consequences Methodology

This section describes the methodologies and criteria available to assess the
radiological consequences (Section 4.1.6.2) from a postulated representative accident.

The potential radiological consequences of the representative accident scenarios
have been estimated using the methods described in the Ulysses FSAR (DOE 1990a) and
Final EIS (FEIS) (NASA 1990). In developing the radiological consequences, the results
presented in the Galileo FSAR (DOE 1989a) and FEIS (NASA 1989b) were also considered.
Details on the dose calculation methodology are presented in Appendix A of the Ulysses
FEIS (NASA 1990), as well as in Volume III, Books 1 and 2 of the Final Safety Analysis

Report for the Ulysses Mission (DOE 1990b).

All the source terms of interest involve releases in the atmosphere, either near
ground level or at high altitudes. The atmospheric transport and dispersion of such
releases is modeled to determine the time-integrated airborne and ground concentrations
with respect to population and surface feature (land/water) distributions and other
environmental media (e.g., vegetation, soil, and water). Generally, this methodology
entails the use of three models: EMERGE, LOPAR, and HIPAR. EMERGE is used for

releases in the troposphere (up to about 10 km [6 mi]); LOPAR and HIPAR are used for
higher altitude releases of small particles and vapor (less than 10 microns in physical
diameter) and large particles (greater than 10 microns in physical diameter), respectively.
Key features of these models are given below:

EMERGE, a three-dimensional Gaussian puff-trajectory model that treats time-
and space-varying meteorological conditions, accounts for the vertical plume
configuration; particle-size-dependent transport, deposition, and plume
depletion; and sea-breeze recirculation in the vicinity of the launch site.

LOPAR, an empirical model derived for small particles from weapons testing
data, accounts for worldwide circulation patterns and delayed fallout as a
function of latitude band.

HIPAR, a large-particle trajectory model, accounts for the altitudinal variation in
atmospheric properties and the rotation of the Earth. HIPARusesa wind field
that is a function of the latitude, longitude, and altitude.

The EMERGE model interfaces with a demographic and surface feature data base
for the CCAS/KSC regional area. Both LOPAR and HIPAR interface with a worldwide
demographic data base to facilitate the estimation of radiological impacts.
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After modelingthe atmospherictransport and dispersionof the releaseswith one or
more of these models,the radiationdoses to the generalpopulationfrom exposureto the
radioactive materialconcentrations in the environmentare determinedby consideringthe
following exposurepathways:

• Direct inhalationof releasedmaterial
• Inhalation of resuspendedmaterialpreviously depositedon the ground
• Ingestionof contaminated food (vegetablesand seafood)
• Externalexposureto ground-depositedmaterial.

The exposurepathway parametersand the internal dose conversionfactors used in this
analysisare identical to, or updated from, those used in the UlyssesFSAR(DOE1990a,
HalliburtonNUS 1994a).

Individual and Collective Radioloqical Dose

Exposure to plutonium dioxide from an accident could occur in several ways.
Following an accident, exposure could result from inhalation of respirable particles of
plutonium dioxide in the immediate vicinity of the accident. While there could be some
direct exposure (neutron and gamma exposure) within a few feet of the GPHS modules or

large particles, the principal radiological health concern would be inhalation of very small
respirablesize particles (approximately 3pro or less). The very smallrespirable particles
would be the principal hazard because they can remain in the body for many years if
inhaled; larger particles can be expelled.

These small particles or vapor could also present an exposure hazard downwind of
the accident when the radioactively contaminated plume passes. This is a concern for
both Phase 1 launch pad accidents and Phases 5 and 6, and Earth swingby accidents
where the GPHS modules could impact rock. For an inadvertent Earth swingby accident,
exposure could also result from inhalation of plutonium dioxide vapor and small particle
fallout from a high altitude release. Most of the vapor released at high altitude would be
expected to fall back to the Earth's surface within 5 years. Because most of the

plutonium dioxide inhaled would reside in the body for a long time, the body would be
continuously exposed as long as the plutonium remained. Therefore, the radiological dose
values reported are "50-year dose commitments" (i.e., the total dose that could be

received by an individual during the 50-year period following initial exposure).

In addition, exposure to plutonium dioxide deposited in the environment after an

accident could be possible, either from inhalation of resuspended small plutonium-bearing
particles or from ingestion of contaminated food. Inhalation ofresuspended particles is the
dominant long-term exposure pathway. The concentration of ground-deposited
resuspendable radioactive particles would tend to decrease rapidly with time, because of

natural processes, such as wind and percolation into the soil with rainfall. For ground-level
releases from impacts on hard surfaces, most of the long-term dose commitment would
occur during the first 2 years after release. Ground-deposited radioactive particles caused
by resuspension of contaminated soil available to the inhalation pathway decreases
dramatically during the first 2 years. Long-term dose estimates for the populations outside
CCAS boundaries and worldwide include dose contributions from inhalation of

resuspended material and ingestion of contaminated food products over a 50-year period
following the accident.
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Collective dose,expressedin units of person-Sievert(person-Svor person-rem),is
simply the sum of all individualdoses received in a given populationas a result of exposure
to a radiation source. Collective dose is also referredto as "population dose."

In discussingthe impacts of radiation doses, the concept of de minimis hasbeen
used to indicate a collective dose level at which the risks to humanhealth areconsidered
negligible. De minim(s,as a concept in determiningthe risk from exposureto ionizing
radiation, remainsa controversialtopic within the regulatoryand scientific communities.
Both the EPAand the U.S. Nuctear Regulatory Commission (NRC_ have considered and
supported the concept of a de minimis level but have not yet adopted regulations or
standards for individual dose or collective doses. The National Council on Radiation

Protection and Measurement (NCRP) in 1987 established a "Negligible Individual Risk
Level" of 1 in 10 million annual risk, which corresponds to a dose rate of 1.0 x 10 .5 Sv/yr
(1.0 x 10 .3 rem/yr) (NCRP 1987). For the purpose of this EIS, the de minimis dose is 1
1.0x 10 -5Sv/yr (1.0 x 10 -3rem/yr). No position is taken in this document regarding de

minim(s, except that health effects calculated with and without de minimis applied are
considered equally valid in light of the uncertainties in its application to collective doses.
The collective doses are reported both with and without de minimis values.

In calculating radiological consequences for Phases 5 and 6 and for the short-term
inadvertent reentries involving worldwide locations, average population densities were
used based on a probability-weighting over reentry conditions of the latitude-dependent
population density distribution. In calculating maximum individual doses due to releases
from intact components impacting Earth surfaces, the location of the maximally exposed
individual relative to a given ground-level release was determined by considering the
average area associated with an individual corresponding to the applicable population
density. Due to uncertainties, there is actually some probability distribution over the dose
to the maximally exposed individual, and the reported results represent expectation values
of such distributions (Hall(burton NUS 1994b).

Health Effects

Health effects are defined as the number of excess latent cancer fatalities (above

the normally observed cancer fatalities) that could occur in the exposed population as a
result of exposure to released radioactive fuel. Health effects are calculated on the basis
of the collective (population) dose multiplied by a health effects factor (number of cancer
fatalities per person-Sv [per person-rem] of exposure). For purposes of this EIS, the health
effects estimator used in converting radiation doses to health effects in the exposed
population is 3.5 x 10 -2 fatalities per person-Sv (3.5 x 10 -4 fatalities per person-rem),

which was developed for Pu-238 in the Ulysses FSAR (DOE 1990a). The health effects
are reported both with and without de minimis. For those results with a de minimis dose
level applied, the collective dose involving individuals receiving less than 1.0 x 10 .5 Sv/yr
(1.0 x 10 -3 rem/yr) are excluded from the health effects calculation.

Land Area Contamination

Estimates of land areas potentially contaminated are based on depositions of
plutonium above a screening level of 7.4x 103 Bq/m 2 (0.2pCi/m2). EPA proposed this
level as a screening level above which the need for cleanup should be evaluated (EPA
1990). It should be noted that the estimates presented in this EIS are for illustrative
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purposesand are not intendedto reflect a definitive statement with respect to specific
areasaround CCAS or globally that could potentially be contaminated. Should an accident
occur, a site-specific screening level would be established.

4.1.6.2 Radiological Consequences

This section presents estimates of the potential radiological consequences of
accidents utilizing the assumptions and methodology for dose calculation techniques used
for the Ulysses mission EIS (NASA 1990) and the Ulysses FSAR (DOE 1990a). Estimates
are reported for the four representative accident scenarios for Phases 1 through 6 of the
Cassini mission and for the potential Earth swingby accidents occurring during the
VVEJGA or VEEGAtrajectories. These radiologicalconsequences are reported in more
detail in Preliminary Risk Analysis of the Cassini Mission (Halliburton NUS 1994a). It
should be noted that in calculating the radiological consequences, no credit was taken for
mitigation measures that could occur in case of an accident. Contingency planning will be
an important activity in preparation for the Cassini mission launch (see Section 4.1.9).

Radiological consequences of the source terms described in Section 4.1.5.4, are
measured in terms of collective dose and health effects (both with and without de

minimis), maximum individual dose, and land area contamination. The doses are expressed
as 50-year committed effective dose equivalents. The collective dose includes each
exposed person and the level of each person's exposure. Health effects are expressed as
excess latent cancer fatalities that may occur in the exposed population, above those that

would be expected to normally occur over a 50-year period following initial exposure.
Estimates of land area contamination are based on a screening level established by U.S.
EPA of 7.4 x 103 Bq/m 2 (0.2pCi/m 2) (EPA 1990).

Tables 4-10 and 4-11 summarize the results of the radiological consequence
analyses for launch Phases 1 through 6 based on the expectation case and maximum case
source terms reported in Table 4-7. Tables 4-12 and Table 4-13 summarize the results of
the radiological consequence analysis of the VVEJGA and VEEGA inadvertent reentry
cases.

Potential Consequences for Phases 1 throu.qh 6 Accidents

For accident scenarios with a fuel release occurring near CCAS, the collective dose
and health effects would be small. For the Phase I expectation source term (Table 4-10),
the collective dose would be about 2 x 10 .2 person-Sv (2 x 100 person-rem). For the
maximum case Phase 1 scenario (Table 4-11), the collective dose would be about
7 x 10 .2 person-Sv (7 x 10 ° person-rein). Less than one health effect (based on either the
expectation or maximum cases) was estimated for any of the representative accidents
occurring nearCCAS. When de minimis is considered, no health effects would be
predicted. An offsite individual (member of the general public) at least 16 km (10 mi)
away could receive a maximum individual dose of up to about 1 x 10 .6 Sv (1 x 10 .4 rem)

from expectation case source terms. With the maximum case release of about
1.1 x 1012 Bq (28.7 Ci) for a Phase 1 accident, this offsite individual could receive a dose
of about 3.6x 10 6Sv(3.6 x 10 4rem). Looking at Table 4-14 and comparing the Cassini

accident doses with individual doses received from natural background radiation (about
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TABLE 4-14. AVERAGE ANNUAL EFFECTIVE DOSE EQUIVALENT OF IONIZING

RADIATION TO A MEMBER OF THE U.S. POPULATION

Source

Natural

Radon b

Effective Dose Equivalent a

Sv/yr (rem/yr) Percent of Total

2.0 x 10 .3 (0.2) 55

Cosmic 2.7 x 10 .4 (0.027) 8

Terrestrial 2.8 x 10 .4 (0.028) 8

Internal 3.9 x 10 .4 (0.039) 11

Subtotal - Natural 3.0 x 10 .3 (0.3) 82

Manmade

Medical

X-ray diagnosis 3.9 x 10 .4 (0.039) 11

Nuclear medicine 1.4 x 10 .4 (0.014) 4

Consumer products 1.0 x 10 .4 (0.010) 3

Other

Occupational <1.0 x 10 .5 (<0.001) <0.03

Nuclear fuel cycle < 1.0 x 10 .5 (<0.001) <0.03

Fallout <1.0 x 10 -5 (<0.001) <0.03

Miscellaneous c < 1.0 x 10 ,5 (<0.001) <0.03

Subtotal - Manmade 6.4 x 10 -4 (0.064) 18

Total Natural and Manmade d 3.64 x 10 -3 (0.364) 100

Source: National Research Council 1990

a. Effective dose equivalent is proportional to incremental risk in cancer.

b. Dose equivalent to bronchi from radon decay products. The assumed weighting factor for
the effective dose equivalent relative to whole-body exposure is 0.08.

c. Department of Energy facilities, smelters, transportation, etc.

d. The 50-year effective dose commitment is 50 yr x 3.64 x 10 .3 Sv/yr (3.64 x 10 -1 rem/yr)
or 1.82 x 10 -1 Sv (1.82 x 101 rein).
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3 x 10 -3 Sv/yr [3 x 10 -1 rem/yr]) and from manmade sources (on the order of
6.4 x 10 .4 Sv/yr [6.4 x 10 -2 rem/yr] for a total 50-year effective dose commitment of
about 1.82 x 10 1 Sv [1.82 x 101 rem) (National Research Council 1990), the Cassini
accident doses would be considered not detectable. Land area contamination for an
accident occurring near CCAS would potentially contaminate less than 1.5 km 2 (0.58 mi 2)

above the screening level.

During the 8-second period of Phase 5, the GPHS modules could impact land areas
in Africa with a resultant fuel release. The collective dose associated with the expectation
source terms (Table 4-10) would be about 4.3 x 10 -3 person-Sv (4.3 x 10 -1 person-rem).

Similarly, for the maximum source term case (Table 4-11), the collective dose would be
about 2.2 x 10 .2 person-Sv (2.2 x 10 °person-rein). Less than one health effect over a

50-year period (based on either the expectation or maximum case, with and without de
minimis) was estimated for a Phase 5 accident. For the expectation case, the maximum
individual dose would be about 1.2 x 10 4Sv (1.2 x 10 .2 rein). For the maximum source
term case, the maximum individual dose would be about 2.4 x 10 .4 Sv (2.4 x 10 .2 rem).

Again, the maximum individual dose for either source term case would be well below that
experienced from natural and manmade background radiation by the average U.S. citizen.
Anticipated land contamination above the screening level would be less than 1 km 2
(0.39 mi 2) for either the expectation or maximum source term cases.

For a Phase 6 accident (as with a Phase 5 accident), the radiological consequences
would be limited to the immediate vicinity of the individual GPHSimpact sites. While 54
modules would be expected to independently reenter the Earth's atmosphere, an average
of three modules would be expected to impact on a hard surface and release plutonium
dioxide fuel. For impacts onto a hard surface for a Phase 6 accident, the expectation
release (source term) would be about 5.6 x 101° Bq (1.5 Ci) and would result in a 50-year
collective dose of about 1.97 x 10 -2 person-Sv (1.97 x 10 °person-rem). Less than one

health effect over the 50-year period would be anticipated, with or without de minimis.
The maximum individual dose, ignoring de minimis, would be about 5.4 x 10 -4 Sv
(5.4 x 10 -2 rein), substantially less than the 50-year effective dose commitment received

as background by an average U.S. citizen (Table 4-14). For the maximum source term
case, the collective dose would be about 9.8 x 10 .2 person-Sv (9.8 x 100 person-rem)

which would equate to less than one health effect. Considering de minimis, the resulting
health effects drop by about a factor of 3. The maximum individual dose would be
1.06 x 10 -3 Sv(1.06 x 10 -1 rem). Land area contamination could be less than 1 km 2

(0.39 mi 2) with either the expectation or maximum case.

Potential Consequences for a Short-Term Inadvertent Reentry Durin.q Earth Swinqby

(VVEJGA)

For inadvertent swingby reentry accidents, a combination of fuel end states (i.e.,
intact or damaged GPHS modules, GISs, particles of fuel, and vapor) would be expected to
occur. The type and degree of radiological consequences could vary significantly,
depending on the fuel end state and the reentry angle. Appendix Bin this EISsummarizes
the methodologies used in estimating the consequences for the short-term inadvertent

reentry during an Earth swingby accident.
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Most of the largercomponents (e.g. GPHSmodules,GISs)and largefuel particles
would beexpectedto fall within the reentry footprint which could vary considerably in
size. For the most shallow of reentry angles (7 degrees),the footprint was assumedto be
nominally 50,000 km2 (19,305 mi2). Forthe steepest reentry angle [90 degrees], a
nominalfootprint of 10 km2 (3.9 mi2)was assumed. Table 4-9, presentedpreviously,
gives the resulting footprint areaswhen the reentry anglesare probability-weighted
accordingto each EGAreentry. The remainderof the fuel, the small particles and vapor,
collectively about one third of the total fuel releasefor the scenariosmodeled,would
temporarily remain at high altitude and would spreadaroundthe world during the several
years that it takes to return to the Earth's surface.

The collective dose to the populationdue to ground impactswithin the footprint
area and worldwide from high altitude releasesis about 5.46 x 104 person-Sv(5.46 x 106
person-rem)for a steep anglereentry, and about 9.93 x 104 person-Sv(9.93 x 106
person-rem)for a shallow reentry. The expectationcollective dose would be about
6.58 x 104 person-Sv(6.58 x 106person-rem). This dose,however, would be spread
over a significant fraction of the estimated world population or about 5 billion of the total
7 to 8 billion person population, such that on average, the incremental dose over
background would likely be indistinguishable. The annual collective dose to the same
population from natural background radiation (see Table 4-14 for the average annual
effective dose equivalent for a member of the United States public) would be on the order
of 10 7 person-Sv (I 0 9 person-rem).

The collective doses for the steep and shallow reentry cases, and for the
expectation case, would be derived largely from inhalation of the vapor component and the
small particulate component of the source term, specifically the small plutonium dioxide
particles 10 microns or smaller in size, released at high altitude and dispersed worldwide.
The estimated excess health effects that could occur over a 50-year period associated

with each case were estimated to range from about 11 with de minimis to about 1,910
without de minimis for the steep reentry; about 7 to 3,480 (with and without de minimis,
respectively) for the shallow reentry; and about 10 to 2,300 (with and without de minimis,
respectively) for the expectation case. In contrast, within this same exposed population,
approximately 1 billion people (i.e., 20 percent or 1/5 of the population) would be
expected over time to die of cancer due to other causes. The additionally estimated
cancer fatalities associated with the expectation case analysis for an inadvertent reentry
during an Earth swingby _see Table 4-13) could be a 0.0005 percent increase above the
normally observed 1 billion cancer fatalities. Since the observed cancer death rates vary
by more than +/-50percent among the larger countries (American Cancer Society 1994),
this increase would not be statistically observable,

The estimated contaminated land area above the U.S. EPA screening level from an
inadvertent reentry during an Earth swingby accident could be large, ranging from 1,600 to
5,340 km 2 (618 to 2,062 mi 2) with an expectation value of 2,040 km 2 (788 mi 2)
(Halliburton NUS 1994a).
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Potential Consequences for a Short-Term Inadvertent Reentry Durin.q Earth Swinqbv
(VEEGA)

The results of the radiological consequence analyses of the backup VEEGA E1 and
E2 inadvertent reentries are presented in Table 4-13. (El and E2 represent the first and
second targeted Earth swingbys in the VEEGA trajectory.) For VEEGA inadvertent
reentries, the reentry velocity for E1 and E2 would be approximately 16.5 km/s
(54,000 ft/s) and 17.3 km/s (56,800 ft/s), respectively. However, for this EIS and based

on conservatism, the radiological consequences for the VEEGA inadvertent reentry were
estimated based on the VVEJGA reentry velocity (i.e. 19.1 km/s [62,700 ft/s]) (Halliburton
NUS 1994a).

In comparing Table 4-13 with Table 4-12, it can be noted that the consequences
(doses, health effects, and land area contamination) associated with the VEEGA E1 and E2

swingbys are generally somewhat greater than those estimated for the VVEJGA swingby
reentry accident. This is because the VEEGA E1 and E2 swingby reentries would most

likely occur within more northern latitude bands than would the VVEJGA. Population
densities in the more northern bands are greater than those in the more southern bands
where the VVEJGA Earth impact would tend to occur (44.7 and 55.6 persons/km 2 for the
VEEGA E1 and E2 swingbys, vs. 36.5 persons/km 2 for the VVEJGA Earth impact)
(Halliburton NUS 1994a). In addition, the probability of RTG components striking rock, at
least in the E1 swingby reentry, is greater than that associated with the VVEJGA
(P = 0.0476 for the E1 reentry vs. 0.040 for the VVEJGA reentry). Other factors

affecting the differences between the VVEJGA and VEEGA consequences include growth
in the worldwide population between the time of the VVEJGA Earth swingby scheduled for
1999, and the E1 and E2 swingbys of the VEEGA trajectory (2001 and 2004,
respectively). In comparing the expectation consequences across the VVEJGA and the

VEEGA E1 and E2 estimates, one will also see a reflection of differences in the probability-
weighting used to derive the expectation values (see footnote "e" in Tables 4-12 and

4-13). The probability-weighting factor for shallow versus steep reentry is most noticeable
in the E2 expectation consequences (a 0.54 weighting factor for shallow reentry) where
the estimated collective dose is an order of magnitude higher (1.30 x 105 person-Sv
[1.30 x 107 person-rem]) than that of either the VEEGA E1 reentry or the VVEJGA
(7.07 x 104 person-Sv [7.07 x 106 person-rem] and 6.58 x 104 person-Sv
[6.58 x 106 person-rein], respectively). (Shallow reentry results in a greater vapor fraction

for the plutonium dioxide fuel, hence a greater potential for worldwide exposure.)

As with the estimated consequences for the VVEJGA reentry, the collective dose is
spread over much of the worldwide population. In general, the resulting health effects
would probably be undetectable in the population as a whole because of the high
(approximately 20 percent [American Cancer Society 1994]) incidence of cancer fatalities

from other causes. Aside from theVEEGA E2 expectation case and steep reentry case
collective doses which are both an order of magnitude higher than their VEEGA E1 and

VVEJGA counterparts, the balance of the consequence estimates do not vary greatly from
each other. Additional details of these analyses can be found in Appendix B.
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Potential Consequences of a Lonq-Term Inadvertent Reentry from Interplanetary Cruise

Section 4.1.5.2 describes the potential for a long-term Earth impact by the Cassini
spacecraft. Should such an event occur, it is reasonable to assume that the spacecraft
would break up in much the same manner as the short-term reentry scenarios (see
Section 4.1.5.4). Latitude distributions for long-term reentry would be about the same as
those estimated for theVVEJGA and VEEGA short-term reentry (JPL 1993f). The long-

term analysis evaluated the probability for such an event over a period extending for 100
years beyond the nominal SOl date for the trajectory involved (VVEJGA or VEEGA). It is
reasonable to assume that the radiological releases and, in turn, the consequences (health
effects and land contamination) could be similar (i.e., same order of magnitude) to the

short-term inadvertent reentry.

4.1.6.3 Impacts of the Radiological Consequences on the Environment

This section presents the environmental impacts of the representative Cassini
accident scenarios in which plutonium dioxide RTG fuel could be released to the

environment resulting in land and/or surface water contamination. The health and
environmental risks associated with plutonium (mainly Pu-238) dioxide are addressed in
the Galileo and Ulysses ElSs (NASA 1989b, NASA 1990) and in Appendix C of this EIS.
The affected environment, described in Section 3 of this EIS, has been divided into two
areas (i.e., regional and global). The regional area would be where Phase 1 accident
impacts could occur. The global area relates to limited portions of Africa where a Phase 5
accident could result in land impacts or to indeterminate areas worldwide where a Phase 6
accident and an inadvertent reentry during a swingby could lead to land and/or
atmospheric impacts.

It should be emphasized that the following discussion is provided for illustrative
purposes and is not intended to reflect a definitive statement regarding specific areas that
would be contaminated in the event of an accident involving a release of plutonium dioxide
fuel. In the unlikely event that an accident occurred, the amount of contamination and the

specific affected areas would be determined and appropriate mitigation actions taken.
When determining the necessary level of mitigation, the characteristics of the material
deposited would be considered. Plutonium dioxide has extremely low solubility in water
and has a low bioaccumulation rate within the food chain; its alpha emissions are short
range, and the primary radiological health concern is inhalation of respirable particles.

The impacts on the environment of the potential accident scenarios associated with
the Cassini mission are assessed according to the potential areal extent of the
contamination (i.e., land surface area and/or water bodies). The first step is the

identification of areas where deposition could exceed a specified screening level of
7.4 x 103 Bq/m 2 (0.2 pCi/m 2) by mission phase (see Tables 4-10, and 4-11, for Phases 1

through 6 and Table 4-12 and 4-13 for an inadvertent reentry during swingby). The
screening level chosen is based on EPA guidance (EPA 1990) for contamination of soil by
unspecified transuranic elements, including plutonium. EPA suggests that areas
contaminated above the 7.4 x 103 Bq/m 2 (0.2/ICi/m 2) level should be evaluated for

possible mitigation actions. The recommended screening level was selected on the basis
of limiting the additional annual individual risk of a radiation-induced cancer fatality to less
than one chance in one million (< 1 in 106). Based on this guidance, contamination below

the screening level is judged to have minimal or no impacts on populations of plant and
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animal species. For purposesof this discussion, therefore, areasthat do not exceedthe
7.4 x 103 Bq/m2 (0.2 pCi/m 2) screening level are considered to have negligible potential

for substantial environmental impact and are not analyzed.

The last step in the environmental assessment methodology is the identification of
the nature and magnitude of the potential impacts in the affected areas. In addition to the
effects caused by exposure to plutonium dioxide in the environment, decontamination and

mitigation activities employed to reduce plutonium dioxide concentrations and exposure
could affect natural habitats and human land uses.

Because the deposition of plutonium dioxide partially depends on the distribution of
plutonium dioxide particles released during an accident, two fundamental assumptions
were made. The particles of released plutonium dioxide would be distributed, so that the
majority of the large particles would be deposited closer to the accident/impact site, with
the size of the deposited particles decreasing with distance. The highest concentrations of
released radioactive material would, therefore, be closer to the release point and
concentrations would tend to decrease with distance.

Potential Radioloqical Impacts to the CCAS Regional Area

Accidents occurring during Phase 1 would result primarily in plutonium dioxide
deposition on the controlled land areas of CCAS/KSC. After Phase 1 of the mission, the

launch vehicle and Cassini spacecraft would have gained enough altitude and down-range
distance from the CCAS region that none of the representative Titan IV launch accidents
scenarios would result in fuel release unless the RTGs (or GPHSs or bare fueled clads) hit a
hard surface. No source terms are postulated for Phases 2, 3, and 4; therefore, no
radiological impacts would be expected.

Areas of land cover (e.g., buildings, roads, crop areas, ornamental vegetation, and
grassy areas) contaminated above the 7.4 x 103 Bq/m 2 (0.2 pCi/m 2) level would be

evaluated to determine if decontamination or mitigation actions would be necessary. The
results of the radiological consequence analyses show that up to 1.43 km 2 (0.55 mi 2) of
dry land area could be contaminated above the screening level (see Table 4-11).
Therefore, only small areas of cleanup would be necessary.

The amount of plutonium dioxide resuspended in the air in natural areas determines
if plutonium dioxide concentrations may pose inhalation health hazards to humans. If
levels were determined to pose inhalation health hazards, access to the area could be

restricted until monitoring indicated that plutonium dioxide concentrations would no longer
pose a potential health hazard.

Although plutonium dioxide could affect the human use of these land covers, there

would be no initial impact on soil chemistry, and most of the plutonium dioxide deposited
on the water bodies would be insoluble and would deposit in the sediments. No
substantial impacts to flora and fauna are expected from surface contamination and skin
contact with the plutonium dioxide, except where particle concentration and/or size is
great enough to overheat the contaminated surface.
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In the unlikely event of a Phase 1 accident, especially in view of the extremely low
level of health effects that would be expected and the composition of the population in the

region (See Section 3.1.7), it is highly unlikely that any given racial, ethnic, or
socioeconomic group of the population would bear a disproportionate share of the

consequences.

Potential Radiolo.qical Impacts to the Global Area

For the representative accidents that could occur during the launch of the Cassini
spacecraft, only the scenarios occurring in Phases 5 and 6 could result in limited land
contamination in Africa (for Phase 5 accidents) or in indeterminate locations within the

global area for inadvertent reentry accidents from Earth orbit (Phase 6). In addition,
impacts could occur from the inadvertent reentry during an Earth swingby.

The contamination from a release occurring during Phases 5 and 6 would result
from accidents in which GPHS modules impact rock. Each of the GPHS modules hitting

rock would release plutonium dioxide at a different location separated by distances ranging
from a few kilometers to hundreds of kilometers. Using the maximum case source terms
in Table 4-11, the total amount of land contaminated at levels above the screening level
following a Phase 5 or 6 accident could be about 0.11 km 2 (.04 mi 2) or less. Thus, given
that there would likely be several GPHS impact locations, the area of contamination at
each rock impact site would probably be relatively small and localized.

Should an accident result in a release in territories outside the jurisdiction of the
United States, the Federal Government would respond if requested with the technical

assistance and support needed to clean up and remediate affected areas and to recover

the plutonium fuel if possible.

In inadvertent swingby reentry accidents, a combination of intact or damaged GPHS
modules, GISs, particles of fuel, or vapor from a high-altitude release would be expected to
occur, with the modules, GISs, and large particles impacting within a footprint tens to
thousands of square kilometers in area, depending on the reentry angle. The vapor
fraction, as well as some of the very small particulates (10 pm or less in size) would
remain in the atmosphere for several years. Since about 3/4 of the Earth's surface in the

reentry latitudes is ocean, many of these large pieces could strike water and settle to the
ocean floor. The large pieces would be expected to quickly become buried in the sea-floor
sediment or encrusted and present a negligible hazard to ocean life.

As provided in Table 4-12, land areas contaminated above the EPA screening level
were estimated at 1,600 and 5,340 km 2 (618 and 2,062 mi 2) for the steep and shallow
VVEJGA Earth inadvertent reentry, respectively, with an expectation value of 2,040 km 2

(788 mi 2) (Halliburton NUS 1994a). Similar ranges of land contamination for the backup
VEEGA E1 and E2 reentry accidents could occur (see Table 4-13). The type and degree of
contamination could vary significantly, depending on the fuel end state and the reentry

angle. The highest level of contamination would likely be at an impact site and decrease
rapidly with distance from the impact site. The contaminated area would likely not be
circular but more oval reflecting the wind dispersion pattern at the time of the impact.
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The remainderof the contaminationfrom fuel particlesgreaterthan 10 microns
releasedat high altitude would be expectedto quickly return to Earth, with the larger
particles settling to the surface within a matter of hoursto days after the accident. Much
of this contamination would be expected to fall within, or downwind of the reentry

footprint.

For the scenarios modeled, most of the land contamination results from the non-
respirable particles released at high altitude. Most of these radioactive particles, because
of their size, would have an activity level greater than 7.4 x 103 Bq (0.2/JCi) such that the
land surrounding the impact site would be considered contaminated above the EPA
screening level. Thus, most of the area within the reentry footprint could potentially have
sufficient radioactivity to be considered contaminated.

In addition to land contamination, a radiological accident could increase worldwide
plutonium levels. Plutonium dioxide already exists in the environment as a result of
nuclear weapons testing and the SNAP-9A accident (refer to Table 3-8). Should an
accident occur with a release of plutonium dioxide, the contribution to ionizing radiation
would increase.

4.1.7 Economic Impacts

Due to the uncertainty in defining the exact magnitude of economic costs
associated with the radiological impacts, a range of mitigation costs was used to assess
the costs that could result from mission accidents. The minimum economic impact is
based on the estimated cost of a radiological monitoring program. Table 4-15 lists the
minimum cost estimates for such a program. This estimate represents the costs of
equipment and personnel needed to develop and implement a comprehensive long-term
monitoring program, which would probably be based on the following activities:

• Measurement of ground concentrations to characterize the nature and extent of
contamination

• Airborne measurements of the amount and characteristics of the release

• Atmospheric modeling estimates of the amount and location of material
deposited, using meteorological data in effect at the time of release.

A large percentage of the costs associated with this monitoring program would
occur in the first year or two when the program plan would be developed, equipment
purchased, and personnel hired and, if necessary, trained. After the program has been
initiated and an evaluation period completed, costs would probably decrease to a
maintenance level necessary to run the program in the succeeding years.

The maximum economic impact is defined as the comprehensive mitigation actions
(such as decontamination, cleanup, and disposal) undertaken on all areas contaminated
above a screening level of 7.4 x 103 Bq/m 2 (0.2 pCi/m2). Only economic impacts

associated with the effects of radioactive deposition are estimated in this analysis.
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TABLE 4-15. MINIMUM MONITORING PROGRAM COST ESTIMATES a (FY 1994)

Period Activity Cost (FY 1994 $)

Year one Transition from launch monitoring activity, $1,240,000
plan development, supplemental equipment

purchases, hiring of personnel

Year two Testing and shakedown of program $620,000
methods and monitoring network,
monitoring of mitigation actions

Year three Transition to long-term monitoring of $310,000

impacts and mitigation actions

Year four and each Program maintenance $124,000
succeeding year

Source: Updated from NASA 1989b

a. Minimum monitoring cost could escalate for multiple monitoring sites.
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A numberof factors can affect the cost of radiologicalmitigation activities,
including the following:

Location--The location can affect the ease of access to the deposition (e.g., a
steep hillslope could be more expensive to clean up than a level field), as can
access to the site location and necessary decontamination resources, such as

heavy equipment, water, and clean soil.

Land Cover Type--The characteristics of some kinds of land covers make them
more difficult and, therefore, more expensive to decontaminate (e.g., plowing
and restoration of a natural vegetation area could be more costly than using the
same technique in an agricultural area).

Initial Contamination Level--Higher levels of initial contamination could require
more sophisticated and more costly decontamination techniques to meet a
particular cleanup standard than a lower level of initial contamination.

Decontamination Method--More sophisticated decontamination methods (e.g.,
wetland restoration, soil stripping, or contaminant immobilization techniques)

are generally much more expensive than simple actions, such as flushing
surfaces with water.

Disposal of Contaminated Materials--The disposal of contaminated vegetation
and soils onsite could be much more cost effective than the transportation and
disposal of these same materials to a distant repository.

Cleanup Standard--The applicable cleanup standard may be site specific and
may be higher or lower than the proposed EPA screening level.

The need for mitigation and the cost involved, however, would be based on actual
conditions, as characterized by the monitoring program that would be initiated following
the release of radioactive material. EPA has estimated cleanup costs (EPA 1990), which
have been escalated to 1994dollars. The EPA report indicated that cleanup (remediation)
costs for contaminated soils in the United States could range from approximately $250
thousand to $5 million per square kilometer ($1 thousand to $20 thousand per acre), if
removal and disposal were not required. Removal and disposal of contaminated soil at a
near-surface facility could cost from approximately $37 million to $50 million per square
kilometer ($150 thousand to $200 thousand per acre). In addition, adecontamination
cost, derived by DOE from historical data, of $200 million per square kilometer ($800
thousand per acre) includes the cost of cleanup and disposal of contaminated material,
reclamation costs, costs associated with relocation of residents, and long-term
surveillance.
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In addition, significant secondarycosts could be associatedwith these mitigation
activities:

• Temporaryor long-termloss of employment
• Destructionor quarantineof agriculturalproducts
• Restrictionor bans on commercialfishing
• Landuse restrictions, which could affect real estate values and tourism activity
• Public health effects and medical care.

An assessment of the potential economic cost of accidents at commercial nuclear

power plants found that decontamination costs would probably account for approximately
20 percent of the total economic cost of an accident (NRC 1975). Although the types of
radioactive contamination resulting from a potential nuclear reactor accident are quite
different from the contamination that could result from an RTG accident, this discussion of
the secondary costs for decontamination and mitigation activities is a useful guide.

Table 4-16 lists the potential range of cleanup methods that could be used.
Cleanup costs estimated in this EIS are solely for illustrative purposes. Actual post-
accident mitigation activities would be based on detailed monitoring and assessments at
that time.

Potential Economic Impacts to the CCAS Re.qional Area

Land contamination would occur in the CCAS regional area if an accident occurred
in Phase 1 of the launch. Using the maximum source terms given in Table 4-11, the
estimated amount of land contaminated at levers above the proposed EPA screening level
would be about 1.43 km 2 (0.55 mi 2) or less for Phase 1 accidents. This area would be in

the immediate vicinity of either launch site.

Using the upper end of the EPA cost estimates for remediation without removal and
disposal (i.e., $5 million/km 2 [$20 thousand per acre]), the total cost for cleanup of the

contaminated land potentially associated with the Phase 1 representative accident scenario
would be about $7 million. Using the upper end figure of $50 million per square kilometer
($200 thousand per acre), the estimated cleanup costs (with removal and disposal) would
be approximately $70 million.

Potential Economic Impacts to the Global Area

Land contamination could occur from accidents occurring during the 8-second
portion when the vehicle's liP is over Africa. Land contamination could also occur at
multiple locations worldwide for reentry accidents from Earth orbit in Phase 6 or from
Earth swingby reentry accidents. As shown in Table 4-11, the total estimate of land area
contaminated above the EPA screening level for the maximum case would be about
0.11 km 2 (0.04 mi 2) or less for either a Phase 5 or Phase 6 accident. Once again,

mitigation costs would be small.

For the short-term inadvertent Earth reentry accidents, if the reentry footprint
occurred over land, the potential costs could be high. Since the estimated size of the

4-71



n
>-
I-,,

re"

>
0
0

Z
,<
..I

(n

0
n-
,<
>

0
1.6
Cn

0
"I-
I-
I.I.I

Z
0
I-
,<
Z

<
I--
Z
0
0
l.l.i
a
I.I=
0
l.IJ

Z
<
r.-

,i

=-I

110
<
I-

c
o
.,_

_&

0_ d
._o --&.o

_ _ o o

_5_5

g 77_g_

o

g r; =O
•,_ _ '_

o "_ _
•._ to

.__ _._

g __

oo. _._

c

ID

I--

e3 ID

(3 0

X _

o

>

z

c

c

_o o

_ d

-5 _ '6

D 0
_ n i_

-_'_ E .o

_._o _

ox-_

e°_-_ _

e- c "_

D <

o
o

-_.c_

O

(D --
D _

£2

_c_m

r_

ID

O
J

d
.£

_. o
vl a. ,

_" 121 ee

o _ .o

o

__ _ _ _
.=__ _ . _ _ _o

-_

"10 _" 0 .0 0

i_ .- =
;,.. o_ ._ _ "_ _ _..._

c
o

_ __i

r"
0

-,_.

_u

__.___

O nD

_c___

_2

L _

o

4-72



footprint could range up to about 50,000 km 2 (19,305 mi 2) for the shallowest reentry

angles and could be greater than the 10 km 2 (3.9 mi 2) for even steep reentry angles, all of

this land would require surveillance and monitoring to locate the detectable particles (e.g.,

larger components and the larger particles). Initial surveys would likely include low-altitude

air overflights with sensitive radiation detectors. These would be expected to identify the

hot spots (e.g., most of the GPHS modules and GISs and some of the larger particles) of

surface plutonium contamination, if they are not shielded by soil or water. Initial costs of

the surveys could easily be in the tens to hundreds of millions of dollars.

The activities that might occur after the initial survey would vary a great deal,

depending on the extent of the contamination and the location. It is anticipated that

efforts would then be made to perform more detailed ground surveys in the hot spots.

Larger components would be recovered, to the extent practical. In some types of land

areas, the environmental impacts of attempts to recover single particles might be much

greater than leaving the particle in place. In the unlikely event such an accident occurred,

it is reasonable to assume that not all particles would be detected and recovered.

4.1.8 Health Effects Risk Assessment

From a statistical perspective, the doses received from an accidental release of

radioactive material are predicted to increase the number of latent cancer fatalities in the

exposed population. These excess latent cancers fatalities, referred to as health effects,

are calculated based on the collective (population) dose multiplied by a health effects

factor (i.e., number of cancer fatalities per person-Sv [person-rem] of effective dose).

Scientific opinions vary on the exact value of excess cancer fatalities per person-Sv

(person-rem) effective dose. Avalue of 3.5 x 10 -2 latent cancer fatalities (health effects)

per person-Sv (3.5 x 10 -4 latent cancer fatalities per person-rem) was used in the Ulysses

EIS (NASA 1990) and is a representative value for radionuclides that emit predominantly

alpha radiation, such as plutonium-238.

To put the estimates of potential health effects for the representative Cassini

mission accidents into a perspective which can be compared with other human

undertakings and events, it is useful to use the concept of risk. Risk is defined by

multiplying the total probability of an event occurring with the consequences of the event.

Risk, therefore, is the probability-weighted consequence of an event. In the case of

potential Cassini mission accidents resulting in a release of plutonium dioxide, the total

probability is obtained by multiplying the probability of the initiating accident by the

conditional probability that a release will occur. Risk is then determined by multiplying this

total probability for each accident scenario by the associated health effects (latent cancer

fatalities) or consequences. The risk estimates for the Cassini mission have been

developed from three perspectives: contribution by mission phase/scenario to mission risk

(expressed as health effects) based upon the collective dose and health effects estimates;

average individual risk developed by dividing the mission risk estimates by the population

exposed; and finally, health effects risk to the maximally exposed individual based on the
maximum individual dose estimates. The following paragraphs discuss the three

perspectives of mission risk. However, it should be noted that when referring to total or

overall mission risk, radiological consequences and/or contributions to risk from the low
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probability long-term inadvertent reentry scenario for either the VVEJGA or VEEGA cannot

be estimated, and therefore are not included in any calculations.

It should be noted that the risks associated with launch phase accidents (Phases 1
to 6) that would potentially release plutonium dioxide fuel, are the same for each of the
Proposed Action's three launch opportunities (primary, secondary and backup). The
amount of fuel that could be released has been estimated for each applicable launch phase
accident scenario as very low (Table 4-7), resulting in essentially zero health effects (Table
4-10). The risks (short-term and long-term) associated with an inadvertent reentry during
the VVEJGA Earth swingby are specific to the October 1997 opportunity, while those
associated with the December 1997 secondary launch opportunity's VEEGA trajectory are
the same as those for the March 1999 backup mission's VEEGA. Again, it should be
noted that the amount of fuel released from an inadvertent reentry during Earth swingby,
although substantially larger than releases from launch phases accidents, the probability of
such an accident is extremely small (see Table 4-17) and less than 1 in one million.

Mission Risk

Table 4-17 presents the preliminary estimates of the contribution to total mission
risk in terms of health effects for each representative accident scenario over the launch
Phases 1, 5, and 6 based upon the expectation case. Since the accident scenarios,
probabilities, consequences and risks are identical for the launch phases of the primary and
backup launch opportunities, separate tables are not presented. Table 4-17 also provides
the total probability, consequences, and estimated contributions to the overall or total

mission risk for the primary VVEJGA Earth swingby, and for the two Earth swingbys (El
and E2) of the secondary or backup VEEGA trajectory. Total health effects mission risk is
the sum of the mission risk contributions from each launch phase and from the VVEJGA
(primary opportunity) or VEEGA trajectory (backup opportunity) but does not include
contributions to risk from the long-term reentry.

For the mission through Phase 6, Phase 1 provides the largest contribution to
overall or total mission risk of 4.6 x 10 -7 number of health effects (without de minimis).
(This is obtained by adding the mission risk contribution calculated for each of the three

representative accident scenarios applicable to Phase 1.) The population at risk from a
Phase 1 accident involving a release of plutonium dioxide would be the population in the
vicinity of CCAS, estimated to be on the order of 100,000 people (Halliburton NUS
1994a). When the concept of de minimis is applied, the health effects for Phase 1 would
be considered negligible. In turn, the contribution to total mission risk from a Phase 1
accident would also be considered negligible.

For a Phase 5 accident with impact in Africa, the predicted health effects would be
about 1.5 x 10 -4 over an assumed reference population of about 1,000 people (Halliburton
NUS 1994a). Since the overall probability of an accident occurring in Phase 5 is
5.0 x 10 -4 (1 in 2,000), the mission risk contribution or expected number of health effects
would be 7.5 x 10 -8 . Factoring in de minimis, the predicted health effects would be

reduced by a factor of 3.4, with the risk contribution dropping by a factor of about 3.
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For a Phase 6 inadvertent reentry accident, assuming average world population
densities in the latitude bands likely to be impacted by such an accident, the predicted
number of health effects would be 6.9 x 10 -4 over a reference population assumed to be
about 5,000 people (Halliburton NUS 1994a). With much less than 1 latent cancer fatality
in the reference population, this effect would be clearly indistinguishable from the normally
observed cancer fatalities in that population. From a risk perspective, the mission risk
contribution or expected number of health effects from a Phase 6 accident is 3.0 x 10 .7 .

Accounting for de minimis, the number of health effects and the contribution to total
mission risk would be reduced by a factor of about 3.

For an inadvertent reentry from a VVEJGA or VEEGA Earth swingby(s), the
potential health effects could occur in two distinct populations, the population within and
near the reentry footprint and most of the world population within broad north to south
latitude bands. Since the reentry footprints, and hence the potentially affected
populations, could vary considerably with reentry angle and latitude, the predictions of
radiological exposures and health effects have large uncertainties. Based on the estimated
footprint areas in Table 4-9 and average population densities in the potentially affected
latitude bands, the affected footprint population could be in the 105 to 106 range
(specifically, 226,000 persons in the VVEJGA steep reentry footprint and
2,200,000 persons in the VEEGA E2 shallow reentry footprint). The health effects
predicted for the population exposed to releases from the GPHS modules, GISs, and larger
particles likely to impact this affected population range from 13 to 29. (See Appendix B,
Tables B-5 and B-7; sum of health effects from "intact components" and "mostly
particulates" for the VVEJGA shallow reentry and VEEGA E2 steep reentry cases.) These
latent cancer fatalities would likely be indistinguishable from the normally observed cancer
fatalities in the exposed population.

In the unlikely event that a VVEJGA or VEEGA inadvertent reentry occurred,
approximately 5 billion of the estimated 7 to 8 billion world population at the time of the
swingbys could receive 99 percent or more of the radiation exposure. Based on
Table 4-17, 2,300 health effects could occur over a 50-year period in this exposed
population following a VVEJGA inadvertent reentry, with 2,480 or 4,560 health effects
potentially occurring for the backup VEEGA E1 or E2 inadvertent reentry, respectively.
These numbers are likely to be statistically indistinguishable from normally observed cancer
fatalities among the world population since approximately 1/5 or 1 billion people would die
of cancer due to other causes. In addition, the probability of either a VVEJGA or VEEGA
short-term inadvertent reentry is extremely low; on the order of 7.6 in 10 million for the
VVEJGA; 2.8 out of 10 million for the VEEGA E2. From a risk perspective, the mission
risk contribution or expected number of health effects from a VVEJGA reentry accident is
1.7 x 10 .3 , and 1.8 x 10 -3 for the VEEGA. The radiological consequences (health effects)
and the contribution to total mission risk from the Earth-gravity-assist trajectories are
reduced two to three orders of magnitude with de minimis.

The total or overall mission risk (i.e., the expected number of health effects due to
the risk of radiological accidents associated with the overall mission) is dominated by Earth
swingby reentry accidents for both the primary launch opportunity (VVEJGA) and the
backup launch opportunity (VEEGA). The overall mission risk (without de minimis) is
1.7 x 10 .3 for the primary launch opportunity, and for the backup is 1.8 x 10 .3 . Applying
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the de minimis concept, the total missionrisk for both the primary and backuplaunch
opportunities would be reducedby two orders of magnitude.

These risks areclearly low when comparedto the healthrisks from many large
projects and the daily risks faced by individuals. For example,the expectednumberof
fatalities during a majorconstruction project often approaches1.

Avera.qe Individual Risk

Although the predicted risks of health effects due to accidents during Phases 1
through 6 are clearly low, it is still useful to compare the health risks associated with the
Cassini mission to risks encountered elsewhere. One measure of the risk associated with
the release of plutonium fuel from a Cassini mission accident is to estimate the risk to the

average exposed individual, or the average individual risk. This risk is the average risk of a
health effect (latent cancer fatality) toa person in the exposed population. For launch
phase accidents, the persons potentially affected are in the vicinity of the launch site. For

other mission accidents, the persons exposed could be within the general vicinity of
reentry footprints or worldwide, depending on the accident scenario. Using the basic
techniques and assumptions in the Ulysses mission EIS and FSAR (NASA 1990, DOE
1990a), the average individual risk from each representative accident scenario can be
calculated.

Table 4-18 presents the average individual risks estimated for launch Phases 1
through 6 for the primary and backup opportunities and for the associated VVEJGA and
VEEGAtrajectories(Halliburton NUS 1994a). The values provided in Table 4-18 were
derived from the expectation case results presented in Tables 4-10, 4-12, and 4-13.
Because launch Phases 1 through 6 and the four representative accident scenarios are

common to all of the Titan IV launch opportunities (primary, secondary, backup, as well as
for the 2001 alternative), the average individual risks for each phase are the same across

all launch opportunities and are reported once in Table 4-18. The highest average
individual risk for both the primary and backup opportunities would occur in Phase 5 of the
launch, with the risk estimated at about 7.5 x 10 -11, or a chance of about 1 in 13 billion of

the average exposed individual incurring a fatal cancer as a result of a Phase 5 accident
(with release of RTG fuel). Applying the de minimis concept, the average individual risk
from such a Phase 5 accident would be reduced by a factor of about three, to 2.2 x 10 11

health effects, or a chance of about 1 in 45 billion of the average exposed individual
contracting fatal cancer as a result of an RTG fuel release in Phase 5.

With respect to the Earth gravity-assist trajectories and potential releases of
plutonium fuel from an inadvertent reentry during swingby, the resulting exposed

population would be essentially worldwide. On that basis, the average individual risk from
an inadvertent reentry during the primary opportunity's VVEJGA Earth swingby would be
3.4 x 10 -13, or a chance of about 1 in 2.9 trillion of the average exposed individual
incurring a fatal cancer asa result of a fuel release. Accounting for deminimis, the risk
drops by about two orders of magnitude to 1.5 x 10 15 or a chance of 1 in 670 trillion of

incurring a fatal cancer as a result of the accident.
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The averageindividualrisks associatedwith the Earthswingbys would be
somewhat greaterfor the peopleexposedwithin the footprint of intact modulesand
components impacting land. Within the footprint, individualscould receiveexposurenot
just from the vaporizedfuel in the air but alsofrom releasesassociatedwith the impact on
land (rock, soil) of intact modulesand components that survivedreentry. The average
individualrisks within the footprints are providedin Table 4-19 for the expectation cases.
The averageindividual risk for exposedindividualswithin the footprint was developedfrom
the following calculation:

Average Individual Risk Within Footprint = (Health Effects x Total Probability)/(Footprint

Area x Land Fraction x Population Density)

This calculation was made to account for population growth and the conditional probability
that the affected individuals would be in the footprint. The footprint area first had to be

adjusted for the amount of area within the footprint likely to be land (i.e., Footprint
Area x Land Fraction). The population density within the footprint area had to be adjusted

for population growth between 1990 (the census year for the basic population data used
by Halliburton NUS) and the year when the exposure would be likely to occur. (For the
purposes of this analysis, this was the year 2004 for the VVEJGA and 2006 [Eli and
2009 [E2] for theVEEGA. Because the collective dose due to vaporized fuelreleased at

high altitude dominates collective dose from all source terms, all dates are 5 years beyond
the actual swingby date, when exposure to vaporized fuel released at high altitude would
tend to be a maximum.)

Looking at the primary launch opportunity VVEJGA Earth swingby, the average
individual risk for an individual inside the footprint would be about 1.0 x 10 1° or a chance

of 1 in lObillion of developing fatal cancer asaresult of exposure. Accounting for de
minimis, the average individual risk would be about 5.8 x 10 -11 or a chance of 1 in
17 billion. The overall average individual risk across the two Earth swingbys of the backup
launch opportunity would be about 6.1 x 10 -11 or a chance of about 1 in 16 billion of
incurring a fatal cancer as a result of exposure from a VEEGA swingby reentry accident.
With de minimis, the average individual risk drops to about 3.5 x 10 -11 or a chance of 1 in
29 billion of a fatal cancer from a VEEGA accident exposure. The average individual risk

within the footprint would be, nonetheless, extremely small.

These average individual risks identified in Table 4-18 are also quite small compared

with the approximate commonly faced individual risks. Table 4-20 presents the calculated
individual risk of fatality by various causes for people within the United States. From all
causes, the individual risk is approximately 9 in 1,000 per year with disease, accidents,

and suicide being the dominant contributors. The individual risk from launch of the Cassini
spacecraft is estimated at less than 1 in ten billion (1 x 101°), which is insignificant when
compared to these other everyday and unrelated risks.

On an absolute scale, the risk of latent cancer fatalities due to the accidents

identified is quite small. Theradiological risks to people living near the CCAS launch site
are much lower than the Nuclear Regulatory Commission (NRC) quantitative safety

objective for nuclear power plant operation:
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TABLE 4-20. CALCULATED INDIVIDUAL RISK OF FATALITY BY VARIOUS CAUSES

IN THE UNITED STATES

Approximate
Individual Risk Per

Accident Type Year

Motor Vehicle 1.7 x 10 -4

Falls 4.8 x 10 .5

Drowning 1.8 x 10 .5

Fires and Flames

Poison

Water Transport

Air Travel

Manufacturing

Railway

Electrocution

Lightning

Tornadoes

Hurricanes

1.7 x 10 5

10-5

10-6

10-6

10 .6

10-6

10-6

0-7

0-7

0-7

Suicide 10 .4

Homicide and Legal Intervention (Executions) 0 5

10-6

Number of

Fatalities a

43,500

12,200

4,600

4,200

5,600 2,2 x

700 2.7 x

700 2.7 x

800 3.1 x

400 1.5 x

714 2.8 x

74 2xl

53 b 2 x 1

13 b 2xl

30,232 1.2 x

22,909 9 x 1

1,400 5.5 x

2,900 1.1 x

88,000 3.5 x

1,610,100 c 6.5 x

2,150,466 8.5 x

Guns, Firearms, and Explosives

Suffocation

All Accidents

10-5

10 -4

Diseases 10 -3

All Causes 10 .3

a. Based on 1991 data except where noted (National Safety Council 1992).

b. Based on 1990 data (Bair 1992).

c. Based on 1989 data (USBC 1992).
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The risk to the population in the area near a nuclear power plant (i.e., within
16 km [10 mi] of the plant site) of cancer fatalities that might result from
nuclear power plant operation should not exceed one-tenth of one percent
(0.1%) of the sum of all cancer fatality risks resulting from all other causes
(51 FR 28044).

Risk to the Maximum Exposed Individual

Another perspective can be gained by looking at the risk to the maximum exposed
individuals. This risk is calculated in the same manner as the mission (population) risk and
the average individual risk, only using the maximum individual doses from Tables 4-10,
4-11, and 4-13. For Phase 1 launch accidents, the total offsite maximum individual risk of
a latent cancer fatality due to radiological accidents would be 2.3 x 10 -11 (1 in 43 billion).
Cancer risks to most offsite people from launch accidents would be even lower, with the

average CCAS area individual risk of a fatal cancer due to the Cassini launch being less
than 4.7 x 10 -12 (1 in 200 billion) (see Table 4-18). These risks are approximately a

million times lower than that allowed for nuclear facilities with NRC safety objectives.

For the estimated exposures to the maximum exposed individuals within the general
GPHS module impact areas for Phases 5 and 6 and the GPHS module, GIS, and/or large
particle impact areas for Earth swingby accidents, the incremental cancer fatality risks to
these maximum exposed individuals is estimated to be approximately 1 x 10 -8 (1 in
100 million) for each of these accident cases. This is at least 10,000 times lower than
that required by NRC safety objectives. Actual estimates of the maximum individual doses
are presented in Tables 4-10, 4-12, and 4-13. Table 4-21 presents the estimated latent
cancer fatality risks to individuals receiving the highest exposures in Cassini mission
accidents. The average individual risk of health effects due to these accidents is expected
to be less than 10 -1° (1 in 10 billion) (see Table 4-18).

4.1.9 Emergency Response Plannin.q

Prior to the launch of the Cassini spacecraft with RTGs and the RHUs onboard, a
comprehensive radiological contingency plan would be developed in accordance with the
Federal Radiological Emergency Response Plan. This contingency plan, similar to the ones
developed for the Galileo (NASA 1989b) and Ulysses (NASA 1990) missions, would
ensure that any accident, whether it involves a radiological release or not, could be met

with a well-developed and tested response. The plan would be developed through the
combined efforts of NASA, DOE, DOD, EPA, the Federal Emergency Management Agency,
State of Florida, and local organizations involved in emergency response. Portions of the

plan would be practiced to ensure that the various organizations were prepared to support
the launch. NASA would be the Cognizant Federal Agency coordinating the Federal
response for accidents occurring within U.S. jurisdiction.

In the event of a release, or in support of preplanned precautionary measures, the
State of Florida and local governments would determine an appropriate course of action.
As more detailed radiological measurements became available, State and local authorities
would decide on the addition or rescission of precautions.
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TABLE 4-21. ESTIMATED LATENT CANCER FATALITY RISKS TO INDIVIDUALS
RECEIVING THE HIGHEST EXPOSURES IN CASSINI MISSION ACCIDENTS a'b

Mission Phase/

Accident Scenario

Phase 1 : Command

Shutdown & Destruct

Phase 1: Titan IV SRMU

Fail-to-Ignite

Phase 1: Centaur Tank

Failure/Collapse

Phase 5: Command

Shutdown & Destruct

Total Probability

1.7x 10 .4

9.1 x 10 .4

4.2 x 10 .5

4.6 x 10 -4

Phase 5: Centaur Tank 3.7 x 10 .5

Failure/Collapse

Maximum Individual

Dose, Sv (rem)

1.02 x 10 .6

(1.02 x 10 -4)

4.73 x 10 .7

(4.73 x 10 .5 )

1.03 x 10 .6

(1.03x 10 .4 )

1.24 x 10 .4

(1.24 x 10 -2)

Estimated

Latent Cancer

Fatalities Per Sv

(rem) Exposure

3.5 x 10 -2

(3.5 x 10 -4)

3.5 x 10 .2

(3.5 x 10 -4)

3.5x 10 .2

(3.5 x 10 -4)

Subtotal: Phase 1

3.5 x 10 -2

(3.5 x 10 -4)

Latent Cancer Fatality

Risk

6.1 x 10 12

1.5 x 10 -11

1.5 x 10 -12

2.3 x 10 -11

2.0 x 10 .9

1.24 x 10 .4 3.5 x 10 .2 1.6 x 10 -10

(1.24 x 10 "2) (3.5 x 10 -4)

Subtotal: Phase 5 2.2 x 10 .9

5.43 x 10 .4 3.5 x 10 .2 8.4 x 10 -9

(5.43 x 10 .2 ) (3.5 x 10 "4)

3.06 x 10 -1 3.5 x 10 .2 8.1 x 10 .9

(3.06 x 101 ) (3.5 x 10 -4)

4.76 x 10 1 3.5 x 10 .2 3.2 x 10 .9

(4.76 x 10 I) (3.5 x 10 "4)

3.55 x 10 -1 3.5 x 10 .2 3.5 x 10 -9

(3.55 x 101) (3.5 x 10 -4)

Subtotal: VEEGA 6.7 x 10 .9

Phase 6: Inadvertent 4.4 x 10 -4

Reentry from Orbit

Earth Swingby: VVEJGA 7.6x 10 .7

Earth Swingby: Backup 1.9 x 10 .7

Mission E1

Earth Swingby: Backup 2.8 x 10 "7

Mission E2

Source: Martin MariettaAstro Space 1993, JPL 1993f, Owings 1994a,

adapted from Halliburton NUS 1994a

a. The maximum individual dose is based on the individual being within the footprint.

b. Based on expectation release values presented in Tables 4-10, 4-12, and 4-13.
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The contingency plan would entail the following steps:

• Determiningwhether radioactivematerialwas released

• Assessingand characterizingthe extent of any release

• Predicting the propagation and dispersion of the released material

Formulating and recommending protective and mitigating actions to protect
people and property from the impacts of the release

Minimizing the effects of a release by controlling the contaminated areas and
containing radioactive materials

• Recovering and disposing of the radioactive material

Decontaminating and recovering affected areas, facilities, equipment, and
properties.

A specially equipped Radiological Control Center located at KSC would direct any
emergency actions required during the pre-launch countdown or the early phases of the
mission. These emergency actions could involve radiation monitoring and possibly
precautionary sheltering or relocation of personnel. In the event of an accident, a nearby
offsite location would be established by NASA, DOE, DOD, EPA, and the State of Florida
which would conduct radiological monitoring and assess the accumulated data.

The response to launch accidents would also depend on the geographical locations
involved. Accident sites within the continental United States and U.S. Territories would be

supported initially by the nearest military or Federal installation possessing a radiological
contingency response capability. Personnel from all supporting installations would be
alerted to this potential requirement prior to launch. Additional support would be
dispatched from the launch site support personnel or from other support agencies, as
needed. For accidents occurring outside the continental United States or its territorial

jurisdictions, the State Department and diplomatic channels would be employed in
accordance with pre-arranged procedures and support elements would be dispatched as
appropriate.

If an ocean or water impact occurs, NASA, DOE, and DOD would initiate security
measures and search and retrieval operations. The recovery of the plutonium dioxide fuel
would be based on the technological feasibility, the cost of the recovery operation, the

health hazard presented to recovery personnel and the environment, and other pertinent
factors.

4.2 ENVIRONMENTAL IMPACTS OF THE 1999 MISSION ALTERNATIVE

This mission alternative would entail dual Shuttle launches from KSC in which the

first launch would predeploy an upper stage(s) into low Earth orbit, and a second launch,

21 to 51 days later, to deliver the Cassini spacecraft and the remaining upper stage(s) into
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low Earth orbit. An on-orbit mating of the upper stages and the spacecraft would be

performed by astronauts, followed by the insertion of the spacecraft in March 1999 into

its VEEGA trajectory to Saturn. The backup launch opportunity would occur about 19

months later in August 2000, should the March 1999 opportunity have to be canceled for

technical or other reasons (e.g., weather). Additional details describing this alternative are

presented in Section 2.3. The launch impacts described below (Section 4.2.2) for the

March 1999 primary launch opportunity would also apply to the August 2000 backup

launch opportunity.

4.2.1 Environmental Impacts of Preparin.q for Launch

The environmental impacts associated with this phase of the mission preparation

would be similar to those described in Section 4.1.1. Spacecraft assembly and associated

testing would still be completed at JPL. The spacecraft would be shipped to KSC, and the

Huygens Probe would be shipped by ESAto KSC. The RTGs and RHU would be

transported to KSC by DOE, and the remaining assembly and testing of the completed

spacecraft (with Probe, RTGs, and RHUs) would be completed at KSC along with

integration of the completed spacecraft to the partial upper stage and ultimately with the

Shuttle.

The industrial operations and associated solid and liquid wastes that would be

generated by Shuttle preparations would not occur at CCAS. Solid and liquid wastes

generated by pre-launch processing at KSC would be handled and disposed of in

accordance with KSC procedures and permits. Fueling of the Shuttle external tank would

involve liquid hydrogen and liquid oxygen fuels; therefore, the emissions associated with

the use of Aerozine-50 and nitrogen tetroxide for the Titan IV would be absent.

Radiation exposure of occupational personnel handling the RTGs and RHUs and the

public prior to launch were also addressed in prior NASA NEPA documentation (NASA

1989b, NASA 1990). Although two Shuttles would be launched, the potential for

radiation exposure would not double. Occupational exposures would occur during

Lntegration and testing of the RHUs and RTGs with the spacecraft (and Probe) prior to

launch of the second Shuttle, and during final integration of the RTGs with the spacecraft

just prior to the second launch. The general public would not be allowed near the RTGsor

RHUs at any time; therefore, no exposure of the public would occur.

None of the activities associated with preparation for launch using the two Shuttle

launch vehicles would have any significant environmental impacts. A more complete

description of these activities and impacts for a single Shuttle launch is given in the Galileo

and Ulysses Tier 2 EISs (NASA 1989b, NASA 1990). The principal difference is that

under this alternative, the vehicle pre-launch activities would occur twice, separated by 21

to 51 days. It is not anticipated that implementation of this alternative would cause

NASA's planned Shuttle launches per year to be increased; therefore, the contribution of

the Cassini mission to the pre-launch impacts experienced from the normally planned

Shuttle launches per year would not be increased.
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4.2.2 Environmental Impacts of a Normal Launch of the Cassini Spacecraft by the Dual
Shuttle Launches

The environmental impacts of this alternative would be the same as those
addressed in the Galileo and Ulysses mission Tier 2 EISs (NASA 1989b, NASA 1990) and

in the KSC Environmental Resources Document (NASA 1994). The only difference is that
the impacts associated with this alternative would occur twice, as expected with two
Shuttle launches. The impacts from the two launches would occur between 21 to 51
days apart.

The KSC Environmental Resources Document (NASA 1994) generally updated the
impact description in the Galileo and Ulysses (NASA 1989b, NASA 1990) Tier 2 EISs.

The updated information is summarized below and in Table 2-6, given previously.

The Shuttle would utilize both its liquid fueled main engines (liquid hydrogen and
liquid oxygen fuel) and two solid rocket boosters (SRBs) to lift the vehicle and its cargo off
the launch pad and to reach the desired parking orbit. The SRBs would use a solid rocket
fuel similar to that in the Titan IV SRMs, and the exhaust emissions from the two SRBs
would be the primary source of impact associated with a Shuttle launch. Each of the

SRBs is about two times the size of an SRMU. The total fuel inventory of the Shuttle's
two SRBswould be about 1,010,000 kg (2,220,0001b). The missiontimeline (see
Section 2.3.7) for a Shuttle is similar to that of a Titan IV (SRMU): the Shuttle ascends
through the troposphere (sea level to about 10 km [32,808 ft]) in about 60 seconds and
transits the stratosphere in about 236 seconds (altitude about 50 km [164,050 ft]).

Exhaust products in the exhaust cloud are typically dispersed within about 14 km

(9 mi) of the launch complex (Pad 39A or 39B), with the heaviest deposition of AI203
particulates and HCI droplets and aerosols occurring within about 1 km (0.6 mi) of the
launch pad. Within this 1-km (0.6-mi) area, chlorides have been measured at levels of up
to 127 g/m 2 (0.026 Ib/ft 2) and AI203 particulates at levels up to 246 g/m 2 (0.050 Ib/ft2).
Under certain meteorological conditions, up to 7,100 kg (15,653 Ib) of particulates and
3,400 kg (7,496 Ib) of HCI can be deposited within 1 km (0.6 mi) of the pad (NASA
1994).

The ground cloud from a Shuttle launch has high concentrations of solid rocket

motor exhaust products, specifically particulates (AI203) and HCI near the launch pad,
similar to aTitanIV(SRMU) launch. As the Shuttle is launched, about 3,300,0001
(863,000 gal) of deluge and washwater is used. An unknown amount of the 1,938,000 I

(510,000 gal) of deluge water discharged to the flame trench is vaporized in the Shuttle
exhaust, contributing to the formation of HCI droplets in the exhaust cloud. The water

(1,238,800 I [326,000 gal]) used to wash down the launch facility about 10 minutes after
launch also scrubs HCIfromthe exhaust cloud. ThewashwaterJscollected in tanks

connected to the flame trench and would be neutralized prior to release to the ground
surface in the vicinity of the launch complex (Pad 39A or 39B) (NASA 1994).

Elevated levels of metals (e.g., aluminum, iron, zinc) have been observed in nearby
surface waters immediately after launch in areas of heavy exhaust deposition, as reflected
in substantially reduced acidity in the affected water bodies. Levels of these metals within
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a few hours of launch return to normalafter the acidity of the affected water bodies
normalizes.

Groundwaterstudies at Shuttle LaunchPads39A and 39B haveconcludedthat
while minor elevationsof heavy metals havebeendetected, there is no clear evidenceof
accumulation in the surficial aquifer, nor is there anydemonstrated relationshipto Shuttle
launches(NASA 1994).

Changesin the biological environmenthave beendocumentedfor Shuttle launches.
Short-termchangesinclude acidification of nearbysurfacewater impoundments,alteration
of water chemistry (elevationof metalsas noted above), and fish kills in shallow
impoundmentsnorth of the launchcomplex. Over time, as launcheshave continued, the
vegetative community structure and the speciescomposition havebeen alteredand the
vegetative cover has beenreduced. Theseeffects have beenlargely limited to a small area
of about 15 ha (37 acres)nearthe launchpads. This would be the areaof heaviest
deposition of exhaust products from a Shuttle launch (NASA 1994).

At distances beyond 1 km (0.6 mi) from the launchpad, exhaust product deposition
varies with movementof the exhaust cloud. Somevegetation damage(e.g., leaf spotting)
hasbeenobserved.

Therehave beenno known significant adverseimpactson threatenedor
endangeredspeciesassociatedwith Shuttle launchesfrom KSC.

4.2.3 Environmental Impacts of Balance of Mission

Implementation of a normal VEEGA trajectory would have no adverse impact on the
human environment, nor would completion of the Saturnian tour by the Cassini Orbiter or
delivery of the Huygens Probe.

As noted in Section 4.1.3, Cassini mission operations have been designed to
minimize the potential of biologically contaminating any other solar bodies that might
harbor life (JPL 1990). The probability that Saturn and Titan could harbor Earth-type life
has been assessed as essentially nil.

4.2.4 Nonradiolo.qical Impacts of Shuttle Launch Accidents

The nonradiological impacts of Shuttle accidents have been addressed in previous
NASA NEPA documents (Shuttle Program EIS [NASA 1978], Tier 1 Galileo and Ulysses
Mission EIS [NASA 1988b], and Galileo and Ulysses Tier 2 EISs [NASA 1989b, NASA

1990]). The principal difference associated with the 1999 mission alternative is the use of
two Shuttle launches.
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4.2.5 Radioloqical Accident Assessment

4.2.5.1 Accident Scenarios and Environments

In view of the detailed analyses of the Shuttle launch vehicle (NASA 1988a, NASA

1988b, NASA 1989b, NASA 1990, DOE 1988b, DOE 1989a, DOE 1989b, DOE 1990a,

DOE 1990b), several assumptions were made. Pre-launch and launch accidents were

taken directly as described in the 1988 Shuttle Databook (NASA 1988a) used for the

Ulysses FSAR, which has been updated with initiating accident probabilities (DOE 1990a).

This section briefly discusses the accident scenarios and their associated accident

environments, as described in the Preliminary Risk Estimates for the Cassini Mission STS

Alternative Launch Option (Halliburton NUS 1994b) and the Accident Assessment for

Shuttle Launch of Cassini (Martin Marietta Astro Space 1994b). Since the launch

accidents and environments are assumed to be the same as those defined for the Ulysses

mission, the RTG responses were also taken to be the same (Martin Marietta Astro Space

1994b). There are, however, some differences. The primary differences are related to the

three RTGs onboard the Cassini spacecraft versus the one RTG onboard Ulysses. Because

the information was not available, other differences not taken into account included the

placement and orientation of the Cassini spacecraft RTGs within the Shuttle Orbiter's

cargo bay and the requirements for the on-orbit upper stage(s) and spacecraft assembly.

In addition, differences in propulsion characteristics associated with the Cassini mission

upper stage configuration compared to the Ulysses mission and their potential effect on

reentry conditions for accidents in Phases 3 and 4 were not considered (Martin Marietta

Astro Space 1994b, Halliburton NUS 1994b).

Shuttle Phase 0

During Phase O, none of the accident scenarios or environments identified for pre-

launch would cause the RTG to release fuel.

Shuttle Phase 1, First Staqe

Phase 1 begins with liftoff and ends with SRB burnout and jettison at T + 128

seconds. Potential accidents during this phase include Solid Rocket Booster (SRB) failures,

Range Safety Destruct, aft compartment explosion, launch vehicle breakup, and those

leading to an Orbiter crash landing or ocean ditch (Martin Marietta Astro Space 1994b).

During operation of an SRB, fragments will be produced upon rupture of the steel pressure-

containment motor case either by random failure or range destruct action. These

substantial fragments may damage an RTG or propel it into another structure (Martin

Marietta Astro Space 1994b).

Shuttle Phase 2, Second Stage

Phase 2 begins with SRBseparation atT + 128 seconds and continues through

Shuttle main engine cutoff, external tank separation, and ends atT + 532 seconds when

the Shuttle Orbital Maneuvering System (OMS) engines begin their first burn. Accidents

during Phase 2 occur above 39 km (127,959 ft) and all the scenarios considered result in
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vehicle breakup. Following vehicle breakup, there is a conditional probability of 0.2 that
RTGs would reenter intact because the reentry conditions would preclude RTG case melt.
This could occur only in the early portion of Phase 2, so the RTGs would impact water.
Otherwise, GPHS modules would reenter independently following RTG case melt with a
conditional probability of 0.8 (Martin Marietta Astro Space 1994b).

Shuttle Phase 3, On Orbit

Phase 3 begins with the first burn of the OMS engines at T + 532 seconds and
ends with deployment of the spacecraft/upper stage from the Orbiter. The orbital
inclination would be 28 degrees. Accidents during this phase result in uncontrolled orbital
decay reentry of the Orbiter, followed by Orbiter breakup and independent reentry of the
GPHS modules. This could only occur if the failure was of such a nature that a mission
abort from orbit to a safe landing was not possible (Martin Marietta Astro Space 1994b).

Shuttle Phase 4, Payload Deploy

Phase 4 begins with spacecraft/upper stage deployment from the Orbiter and ends
with attainment of escape velocity after upper stage firing. Accidents during this phase
resulting from upper stage malfunctions lead to spacecraft reentry, breakup, and
independent reentry of GPHS modules (Martin Marietta Astro Space 1994b).

Inadvertent Reentry During Interplanetary Cruise

The accident scenarios and environments are determined by the interplanetary
trajectory, (i.e., they are independent of the launch vehicle). It can be assumed, therefore,
that both the accident scenarios (short-term or long-term inadvertent reentry) and accident

environments would be identical for a similar trajectory for any launch vehicle. As such,
the 1999 Shuttle mission alternative using a VEEGA trajectory would be assumed to have
identical reentry conditions as the Titan IV (SRMU or SRM)/Centaur VEEGA trajectory.

The actual reentry conditions for an inadvertent reentry during the 1999 Shuttle
mission interplanetary cruise would be identical to the those evaluated for the 1999 Titan
IV backup launch opportunity. The interplanetary cruise portion of the two missions would
be the same. For VEEGA trajectories with other launch dates, the reentry conditions could
be different. It should be noted that for conservatism, the more severe VVEJGA reentry
conditions were used when estimating the consequences of inadvertent reentry during the
VEEGAtrajectory. (See Appendix Bfor additional details of these analyses.)

4.2.5.2 Probabilities for Initiating Accidents

The 1988 Space Shuttle Databook (NASA 1988a) contains initiating accident
probabilities used for the Ulysses FSAR(DOE 1990a). The initiating probabilities for the
Shuttle were developed by NASA (NASA 1990) and based on launch failure probabilities
for the accidents identified for Phases 1 through 4. Table 4-22 summarizes the initiating,
conditional, and total probabilities for the launch phase accidents for the Shuttle.
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Because the interplanetary cruise portion of the mission is determined by the type

of trajectory, it can be assumed that the probability of an inadvertent reentry during an

Earth swingby{s) would be the same for a similar trajectory. Therefore, the probabilities

associated with a 1999 launched Titan IV (SRMU or SRM)/Centaur on a VEEGA trajectory
would be assumed to be identical for the 1999 Shuttle mission alternative on a VEEGA

trajectory.

4.2.5.3 Potential Accident Source Terms

This section describes the potential source terms for the accidents identified for the

Shuttle. Table 4-23 summarizes the source terms based on expectation cases indicating

the source release condition (i.e., involvement in the fireball, ground level impact, or

altitude release).

Accidents in Phase 1 associated primarily with SRB Case Rupture and Range Safety

Destruct could result in releases due to SRB fragment impacts and impacts of GPHS

modules and fueled clads on concrete, steel, and sand in the launch area. During the time

period T-OtoT + 10 seconds, fragment-induced releases would occur within the fireball

generated by the accident. Releases from GPHS modules and fueled clads impacting on

concrete, steel, and sand would be entrained in the vertical plume associated with the

fireball and afterfire. During the time period T + 21 toT + 70 seconds, fragment-induced

releases would be at altitude with any surface impact releases associated with GPHS

modules or fueled clads impacting sand. From T + 71 toT + 128 seconds, only

fragment-induced releases at altitude could occur. The source terms would increase with

altitude and mission elapsed time due to the increase in SRB internal pressure, which

peaks just prior to burnout at T + 128 seconds (Martin Marietta Astro Space 1994b).

Accidents in Phase 2 could involve fuel releases if GPHS modules impact hard rock

along the trajectory over Africa. This could occur only if the accident occurs during a 5.5-

second interval near the end of Phase 2 when the instantaneous impact point (liP) would

be over Africa. Accidents prior to that time would result in GPHS modules impacting the

ocean with no release (Martin Marietta Astro Space 1994b).

For accidents occurring during Phase 3 (i.e., spacecraft breakup during reentry), the

reentry heating pulse would melt the RTGs converter housing by design and release

individual GPHS modules. The GPHS modules are designed to remain intact under these

reentry conditions. Individual reentering GPHS modules impacting rock could lead to

fueled clad failures and fuel releases. No releases would be expected from soil or water

impacts (Martin Marietta Astro Space 1994b).

During Phase 4 accidents, fuel release conditions, similar to Phase 3, would result

from GPHS modules impacting rock (Martin Marietta Astro Space 1994b).

Short-Term Inadvertent Reentry During Earth Swinqby

Since the trajectories for the Earth swingby portions of the 1999 Shuttle VEEGA

primary launch opportunity and the 1999 Titan IV backup launch opportunity, also a

VEEGA, would be identical, the source term for the inadvertent reentry during an Earth
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swingby would also be expected to be identical. The source terms for an inadvertent

reentry during either of the two Earth swingbys are presented in Table 4-8 and the
estimated footprint area is provided in Table 4-9.

Lon.q-Term Inadvertent Reentry From Interplanetary Cruise

Since the trajectories for the interplanetary cruise portions of the t999 Shuttle
VEEGA launch opportunity and the 1999 Titan IV VEEGA backup launch opportunity

would be identical, the response of the spacecraft to a long-term reentry and resulting
source term would be expected to be similar.

4.2.6 Environmental Consequences and Impacts of Radioloqical Accidents

This section addresses the radiological consequences and impacts of accidents
occurring with a release of the plutonium dioxide fuel from a Shuttle accident. The
methodologies used to determine the consequences are the same as those used for the

Proposed Action (Section 4.1.6.1). The potential for radiological impact to the affected
area depends on the mission phase/scenario combination, the likelihood of the accident

occurring with fuel release, the amount of fuel released and the radiological consequences
from the release.

Mission Phases 0 throu.qh 4

The results of the radiological consequence analysis of accident scenarios in

mission Phases 1 through 4, corresponding to the expectation cases and based on average
source terms, are summarized in Table 4-24. Since the total probabilities associated with
Range Safety Destruct are so low compared to SRB Case Rupture (i.e., less than a 10 .7
probability cutoff), while releases are comparable, Range Safety Destruct does not
contribute meaningfully to overall mission risk and is not considered further (Halliburton
NUS 1994b).

In calculating radiological consequences in Phases 3 and 4, and for the EGA

inadvertent reentries involving worldwide locations, average population densities were
used based on a probability weighting over reentry conditions of the latitude-dependent
population density distribution. In calculating maximum individual doses due to releases

from intact components impacting Earth surfaces, the location of the maximally exposed
individual relative to a given ground-level release was determined by considering the
average area associated with an individual corresponding to the applicable population
density. Due to uncertainties, there is actually some probability distribution over the dose
to the maximally exposed individual, and the reported results represent expectation values
of such distributions (Halliburton NUS 1994b).

For accident scenarios with a fuel release occurring near KSC, the collective dose
and health effects would be small. For the Phases la, lb, or lc expectation source terms
(Table 4-24), the highest collective dose would be about 1 x 10 -1 person-Sv
(1 x 101 person-rem). For any of the representative accidents occurring near KSC, less

than one health effect is estimated without de minimis and no health effects are projected
with de minimis. An offsite individual (member of the general public) at least 16 km
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(10 mi) away could receivea maximum individualdose of up to about 7 x 10.6 Sv
(7 x 10-4rem)from expectation casesourceterms. Comparingthesedoses with
individualdoses receivedfrom natural backgroundradiation (about 3 x 10.3 Sv/yr
[3 x 10-1rem/yr]) and from manmadesources (on the order of 6.4 x 10.4 Sv/yr
[6.4 x 10-2 rem/yr]) (seeTable 4-14) for a total 50-yeareffective dose commitment of
about 1.82 x 10-1 Sv [1.82 x 101 rem) (NationalResearchCouncil 1990), these doses
would beconsiderednot detectable. Landareacontaminationfor an accidentoccurring
near KSCwould potentially contaminate less than 4 km2 (1.6 mi2) abovethe U.S. EPA
screeninglevel.

Fora fuel releaseoccurringduring a 5.5-secondperiodof Phase2, the GPHS
modulescould impact limited portions of the African continent under the vehicle flight
path. The collective dose associatedwith the expectation sourceterms (Table4-23)
would be about 4.0 x 10-3person-Sv(4.0 x 10-1 person-rem). Lessthan one health effect
expressedover a 50-yearcollective dose was estimated for a Phase2 accident. For the
expectation case, the maximum individualdose would beabout 1.2 x 10-4Sv
(1.2 x 10.2 rem). Again, the maximum individualdose would be well below that
experiencedfrom natural and manmadebackgroundradiation by the averageU.S. citizen.
Anticipated land contamination abovethe screeninglevel would be lessthan 1 km2
(0.39 mi2) for the expectation sourceterm case.

For Phase3 and 4 accidents (aswith a Phase2 accident), the radiological
consequenceswould be limited to the immediatevicinity of the individual GPHSimpact
sites. Theseaccidents shouldbe very similar in terms of consequencesto the accidents
identified for Phases5 and 6 for the Titan IV launchdescribedin Section 4.1.6.2. While
54 moduleswould be expectedto independentlyreenterthe Earth's atmosphere,only an
averageof 3 moduleswould beexpectedto impact on a hard surface and release
plutonium fuel. For impactsonto a hard surface for a Phase3 or 4 accident, the
expectation release(sourceterm) would be about 5.6 x 101° Bq(1.5 Ci) and would result
in a 50-yearcollective dose of about 1.97 x 10.2 person-Sv(1.97 x 100person-rem).
Lessthan one health effect over the 50-year periodwould be anticipated,with or without
deminimis. The maximum individualdose would beabout 5.4 x 10.4 Sv (5.4 x 10.2 rem),
substantially less than the 50-yeareffective dose commitment receivedas backgroundby
an averageU.S. citizen (Table4-14). Landareacontaminationwould be less than 1 km2
(0.4 mi2) with the expectationcase.

Potential Consequences for a Short-Term Inadvertent Reentry During Earth Swinqby
(VEEGA)

Since the trajectories would be identical, the potential consequences of an

inadvertent reentry during either Earth swingby associated with the VEEGA trajectory
would be expected to be identical to those evaluated for the VEEGA 1999 Titan IV backup
launch opportunity. Those consequences are presented in Table 4-13 and discussed in
Section 4.1.6.2. It should be noted that for conservatism, the more severe VVEJGA

reentry conditions were used when estimating the consequences of the inadvertent reentry
during the VEEGA trajectory.
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Potential Consequences for a Lon.q-Term Inadvertent Reentry from Interplanetary Cruise

As with the 1999 Titan IV backup launch opportunity, although highly improbable,
there would also be the potential for a long-term Earth impact by the Cassini spacecraft
given a failure prior to SOl. The results of that accident are assumed to be similar.

4.2.6.1 Impacts of the Radiological Consequences on the Environment

While unlikely, if an accident were to occur that resulted in a release of plutonium
dioxide fuel, impacts could be confined to the CCAS/KSC region or could involve broader
areas. For example, an early Phase 1 (Phase la, lb, and lc) accident with a release could

"impact" the local CCAS/KSC area only, while a late Phase 1 (Phase ld and le) accident
when the Shuttle has gained altitude could result in an atmospheric release that would be
dispersed over a wider area. Localized areas of the African continent under the flight path
could be impacted with a Phase 2 accident that occurred while the Shuttle was in its
5.5-secondtransit of the continent. APhase 3 or4 accident could potentially impact
indeterminate areas at various locations around the world. While the potential for an
inadvertent reentry of the spacecraft during an Earth swingby maneuver is remote, a

portion of the fuel released in such an event could impact the atmosphere on a global
level.

In the unlikely event of a Phase 1 accident, especially in view of the extremely low
level of health effects that would be expected and the composition of the population in the
region (See Section 3.1.7), it is highly unlikely that any given racial, ethnic, or
socioeconomic group of the population would bear a disproportionate share of the
consequences. (It should be noted that impact of the African continent could occur only
during a 5.5 second portion of the Shuttle launch timeline).

The impacts are assessed similarly to those for the Proposed Action (i.e., the
potential areal extent of land contamination). Table 4-24 indicates that up to 3.84 km 2
(1.48 mi 2) of dry land could be contaminated above the screening level in an accident
occurring during the first 10 seconds of the launch. Later in the launch phase, as the
Shuttle gains altitude and distance from the launch pad, the expected amount of land
contamination would be even less. Therefore, only small areas of cleanup would be

necessary.

In the unlikely event of a Phase 2 accident, or an inadvertent reentry from Earth

orbit during Phases 3 and 4, the amount of potential land contamination would be
essentially the same as that reported in Section 4.1.6.3 for comparable accidents with the
1997 launch of the Titan IV vehicle. The short-term and long-term reentry accident
scenarios would be identical to those identified for the VEEGA 1999 Titan IV backup

launch opportunity.

4.2.7 Economic Impacts

The potential economic impacts would be similar to those described in
Section 4.1.7.
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4.2.8 HealthEffects Risk Assessment

This section providesa preliminaryrisk assessmentfor the 1999 Shuttle mission
alternative basedon the Preliminary Risk Estimates for the Cassini Mission STS Alternative
Launch Option (Halliburton NUS 1994b) and the Accident Assessment for Shuttle Launch
of Cassini (Martin Marietta Astro Space 1994b) supplemented by supporting information
from DOE (Owings 1994b). Tables 4-25 and 4-26 describe the health effects mission risk
contribution and the average individual risk associated with the 1999 Shuttle mission
alternative.

Mission Risk

Table 4-25 presents the preliminary estimates of the contribution to total mission
risk for each representative accident scenario over the launch Phases 1 through 4 based
upon the expectation case source terms. Table 4-25 also provides the total probability,
consequences, and estimated contributions to the overall or total mission risk for the two
Earth swingbys (El and E2) of the VEEGAtrajectory. Total mission risk is the sum of the
health effects mission risk contributions from each launch phase and from the VEEGA

trajectory. However, it should be noted that when referring to total or overall mission risk,
radiological consequences and/or contributions to risk from the (low probability) long-term
inadvertent reentry scenario for the VEEGA trajectory cannot be estimated and are not
included in the calculations.

Considering all launch phases, Phase 4 provides the largest contribution to overall
or total mission risk of 1.3 x 10 -6 number of health effects (without de minimis). This risk

is closely followed by the total Phase 1 risk of 7.2 x 10 -7 health effects. The population at
risk from an early Phase 1 accident involving a release of plutonium dioxide would be the
population in the vicinity of a CCAS/KSC region estimated to be on the order of 100,000
people (Halliburton NUS 1994b). When the concept of de minimis is applied, the health
effects for Phase 1 would be considered negligible. In turn, the contribution to total
mission risk from a Phase 1 accident would also be considered negligible.

For a Phase 2 accident with impact in Africa, the predicted health effects would be
about 1.4 x 10 .4 over an assumed reference population of about 1,000 people (Halliburton
NUS 1994b). Since the total probability of an accident occurring in Phase 2 is 5.8 x 10 -5

(1 in 17,000), the mission risk contribution or expected number of health effects would be
8.2 x 10 9. Factoring in de minimis, the predicted health effects would be reduced by a
factor of 3.5.

For a Phase 3 or 4 inadvertent reentry accident, assuming average world population
densities in the latitude bands likely to be impacted by such an accident, the predicted
number of health effects is 6.9 x 10 -4 over a reference population assumed to be about

5,000 people (Halliburton NUS 1994b). With much less than 1 latent cancer fatality
among 5,000 people, this effect is clearly indistinguishable from the normally observed
cancer fatalities in that population. From a risk perspective, the mission risk contribution
or expected number of health effects from Phase 3 and 4 accidents would be 1.4 x 10 .6 .

Accounting for de minimis, the number of predicted health effects and the contribution to
total mission risk would be reduced by a factor of about three.
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For an inadvertent reentry from a VEEGA Earth swingby, the potential health
effects are identical to those identified earlier for the VEEGA 1999 Titan backup launch

opportunity. Based on Table 4-25, the 2,480 or the 4,560 health effects for the VEEGA
E1 or E2 inadvertent reentry, respectively, predicted over a 50-year period following an
inadvertent reentry are likely to be indistinguishable from normally observed cancer
fatalities among the world population. From a risk perspective, the mission risk
contribution or expected number of health effects from a VEEGA inadvertent reentry
during an Earth swingby accident would be 1.8 x 10 3. The radiological consequences
(health effects) and the contribution to total mission risk from the Earth-gravity-assist
trajectories when accounting for de minimis is reduced two to three orders of magnitude.

The total or overall mission risk (i.e., the expected number of health effects due to
the risk of radiological accidents associated with the overall mission) is dominated by an
inadvertent reentry accident during Earth swingby(s). The overall mission risk (without de
minimis) is 1.8 x 10 .3 . As with the Proposed Action, these risks are clearly low when

compared with the risks of many large projects and the risks faced by individuals daily.
Applying the de minimis concept, the total mission risk for the 1999 primary launch
opportunity would be reduced by two orders of magnitude.

Avera.qe Individual Risk

Table 4-26 presents the average individual risks estimated for launch Phases 1
through 4 and for the associated VEEGA trajectory (Halliburton NUS 1994b). The values
provided in Table 4-26 were derived from the expectation case results presented in Tables
4-23, 4-24, and 4-25. The highest average individual risk would occur in Phase 4 of the
launch, with the risk estimated at about 2.6 x 10 1° , or a chance of about 1 in 3.8 billion

of the average exposed individual incurring a fatal cancer as a result of a Phase 4 accident
with release of RTG fuel. Applying the de minimis concept, the average individual risk
from such a Phase 4 accident would be reduced by a factor of about three to 7.6 x 10 -11,

or a chance of about 1 in 13 billion of the average exposed individual contracting fatal
cancer as a result of a Phase 4 RTG fuel release.

With respect to the Earth-gravity-assist trajectories and potential releases of
plutonium fuel from an inadvertent reentry during an Earth swingby, the resulting exposed
population would be essentially worldwide. On that basis, the average individual risk from
an inadvertent reentry accounting for both Earth swingbys would be 3.5 x 10 -13, or a

chance of about 1 in 3 trillion of the average exposed individual incurring a fatal cancer as
a result of a fuel release.

Risk to the Maximum Exposed Individual

As with the Proposed Action, discussed in Section 4.1.8, another measure of the
risk of implementation of this alternative is the latent cancer fatality risk of the maximally
exposed individual in an accident, as distinguished from the average member of the
exposed population. For Phase 1 launch accidents, the highest offsite doses (maximum
individual doses) are predicted to be less than 10 -5 Sv (10 .3 rem) with total probabilities of
10 -5 or less (see Tables 4-24 and 4-25). With the health effects conversion factor of
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3.5 x 10.2 excess latent cancerfatalities per person-Sv(3.5 x 10.4 excesslatent cancer
fatalities per person-rem)of exposure,a personreceivingthe 10-5 Sv (10-3rem) has a
probability of about 3.5 x 10-7 (1 in 2.8 million) of beinga cancerfatality as a result of
that exposure. Since the probability of launchaccidentsthat could result in offsite
exposuresof this magnitude are 10.5 or less, the highestoffsite individual risk of latent
cancerdue to radiologicalaccidentswould be less than 3.5 x 10 -12 (1 in 280 billion).

Cancer fatality risks to most offsite people from launch accidents would be even lower,
with the average CCAS/KSC area individual risk of a fatal cancer due to the Cassini launch
estimated at approximately 5 x 10 -13 (1 in 2trillion) (see Table 4-26). These risks are
more than a million times lower than that allowed for nuclear facilities with NRC safety

objectives.

Both the accident probabilities and the estimated exposures to the maximally

exposed individuals would be lower in Phase 1 for the exposed population within the
generaIGPHSmodule impact areas than for Phases 2through 4. For Phase 2, with an
estimated probability of 5.8 x 10 -5 and an estimated maximally exposed individual dose of
1.16 x 10 .4 Sv (1.16 x 10 -2 rem), the latent cancer fatality risk to the maximally exposed
individual would be 2.4x 10 -10 . For Phases3 and 4, the doses would increase to
5.43 x 10 .4 Sv (5.43 x 10 .2 rem) and the probabilities would increase to 1.2 x 10 -4 and

1.9 x 10 -3, respectively. The corresponding latent cancer fatality risk to the maximally
exposed individual within the general vicinity of the GPHS module impact areas would
therefore be 2.3 x 10 -9 (Phase 3) and 3.7 x 10 .8 (Phase 4).

The risks to the maximally exposed individual in an inadvertent reentry during either

of the Earth swingbys would be exactly the same as estimated for the VEEGA 1999
Titan IV backup launch opportunity (see Table 4-21). The estimated risk of alatent cancer
fatality to the maximally exposed individual would be 3.2 x 10 -9 and 3.5 x 10 .9 for the E1

and E2 swingbys, respectively.

As with the risk estimates to the maximally exposed individual within the exposed

population in a launch or reentry accident for the Proposed Action, the latent cancer
fatality risk to the maximally exposed individual would be higher than the risk to the
average person within the exposed population but still quite low. These risks would be
quite small compared to everyday risks faced by the general population, as illustrated in
Table 4-20.

4.2.9 Emer.qency Response Plannin.q

Prior to the launch of the Cassini spacecraft with the RTGs and RHUs onboard, a

comprehensive radiological contingency plan would be developed in accordance with the
Federal Radiological Emergency Response Plan. This plan, similar to the one developed for
the Galileo (NASA 1989b) and Ulysses (NASA 1990) missions, would ensure that any
accident, whether it involves a radiological release or not, can be met with a well-
developed and tested response. The plan would be developed through the combined
efforts of NASA, DOE, DOD, EPA, the Federal Emergency Management Agency, State of

Florida, and county organizations involved in emergency response. Portions of the plan
would be exercised to ensure that the various organizations were prepared to support the
launch. NASA would be the Cognizant Federal Agency coordinating the Federal response
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for accidentsoccurring within U.S. jurisdiction, and would coordinate with the Department
of State and other cognizant agencies as appropriate, in the implementation of other
responses.

4.3 ENVIRONMENTAL IMPACTS OF THE 2001 MISSION ALTERNATIVE

The environmental impacts for the 2001 mission alternative using a Titan IV
(SRMU)/Centaur would be expected to be similar to those described for the Proposed
Action, with one exception. Without a targeted Earth swingby as part of its VVVGA
trajectory, the probability of an inadvertent reentry accident during an Earth swingby
would be zero. Therefore, radiological consequences associated with the Earth swingby
would be eliminated. However, if the spacecraft becomes uncommandable anytime after
injection into its interplanetary trajectory and before the Saturn Orbit Insertion, the long-
term probability of an Earth impact (i.e., reentry into the Earth's atmosphere) would exist.
The mean probability of such an impact has been estimated to be on the order of 10 -7 (JPL

1993f). The impacts of the long-term reentry would be similar to the impacts associated
with the inadvertent VVEJGA or VEEGA Earth swingby accident scenarios described for
the Proposed Action. The impacts and risks associated with the backup in 2002 using the
Titan IV (SRMU) with a VEEGA trajectory would be assumed to be identical to those
described for the VEEGA backup for the Proposed Action. As noted in Section 4.1.3, the

Cassini mission operations will be conducted to minimize the potential of biologically
contaminating Saturn and Titan (JPL 1990).

4.4 ENVIRONMENTAL IMPACTS OF THE NO-ACTION ALTERNATIVE

There would be no adverse environmental impacts associated with the No-Action
alternative; however, there would be major programmatic and geopolitical impacts from
such a cancellation. Cancellation of the mission would result in the loss of existing
engineering and scientific services and expertise and the loss of the anticipated scientific
gains identified in Section 1.2.

Currently, the Cassini spacecraft constitutes the world's only fully-funded science
probe in development to explore the outer planets. The Cassini mission represents a rare
opportunity to gain significant insight into the major scientific questions about the
formation of the solar system and the conditions that led to life on Earth, in addition to a

host of questions specific to the Saturn system. As the best-instrumented probe ever sent
to another planet, Cassini would produce the most complete information about a planet
system ever obtained. The mission is the next step in a highly productive, three-decade-
old program of exploration of the solar system using robotic spacecraft. The scientific

objectives for the mission were established by the appropriate scientific advisory
committees, including the Committee on Planetary and Lunar Exploration of the National
Research Council's Space Science Board (currently Space Studies Board) and NASA
Advisory Council's Solar System Exploration Committee. Cancelling the mission would
mean forgoing the near term opportunities of meeting the Cassini mission objectives and
goals, and would represent a setback in our Nation's program to systematically explore the
solar system.

4-102



If the mission did not proceed, the international scientific community would be
deprived of near-termdemonstrationsof new instruments and innovative engineering
techniques initially designedfor Cassini. The MagnetosphericImagingInstrument, for
example,would obtain the first-ever imagesof a planetary magnetic field. Cancellationof
the missionwould leaveunansweredmajor questionsabout the physical and dynamical
propertiesof the Saturniansystem. It would also meanforgoing anopportunity of gaining
better insight into someof the dynamic mechanismsand processeson the Earththrough
comparativeplanetarystudy. Knowledgethat could have been acquiredfrom the Cassini
missionto contribute to researchin such fields as climatology, engineeringand physics
would not be available.

In addition, the U.S. Governmentand its Europeanpartners, the EuropeanSpace
Agency and its memberstates, and the Italian SpaceAgency would suffer adverse
programmaticimpacts if this alternative is adopted. Therecould also be significant
impactson the future ability of the United States to enter into internationalagreementsfor
cooperativespace activities.

4.5 ADVERSEENVIRONMENTALEFFECTSTHAT CANNOTBEAVOIDED

During a normal launchof the Titan IV or Shuttle, the solid rocket motors would
produceHCIand AI203particles. The depositionof HCIduring the movement of the
exhaust cloud would probably produceshort-term acidification of the marshareaand
shallow surfacewaters near the launchpad, unlessthe winds at launch time were blowing
in an offshore direction. The depositionof HCIfrom the solid rocket exhaust would
probably damagevegetationnear the launchpad and might kill fish in onsite ponds near
the launch pad. The BananaRiver and nearshoreareasof the Atlantic Oceanshould not
be adversely impacteddue to the buffering capacity of these waters. The airborne
concentrations of AI203 particulateswithin the exhaust cloud would exceed air quality
standards(seeSection 4.1.2.2) for a short periodbut should not adverselyaffect the
overall ambient air quality of areasoutsidethe exhaust cloud. The launch of the Cassini
spacecraftwould also introduceozone-depletingchlorine into the stratospherealong its
flight path. The depletedarea would recover after a short periodof time.

4.6 INCOMPLETEORUNAVAILABLEINFORMATION

Becausethis EISis beingdevelopedprior to the completion of preparationsfor the
Cassini mission, some of the information used is still in the preliminary stage. This adds to
the uncertainties of the impact analyses especially in comparison to the Galileo and
Ulysses mission EISs, which were prepared considerably closer to the proposed launch
dates. Still, sufficient information and analyses were available to reasonably evaluate the
potentially significant impacts of the Proposed Action and the other alternatives.

The principal areas of either incomplete information or analyses include the
following items:

° In some cases, the amount of information on certain optional upper stages and
for some of the launch vehicles under development is minimal. This is

particularly true for the key parameters needed to understand their likely
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availability for usewith the Cassinimissionand assessmentof their safety and
reliability.

. While this EIS deals with a set of four credible launch phase accident scenarios

that are deemed representative of those which could potentially result in a
release of RTG fuel, NASA, the U.S. Air Force and DOE continue to conduct

testing and to evaluate additional accident scenarios within the ongoing nuclear
launch safety approval process. Ongoing evaluations include launch phase
accident scenarios in which the RTGs might be threatened by explosions from
SRMU propellant fragments. Should any of the ongoing investigations result in
risk estimates greater than those presented in this EIS, NASA will evaluate the
information, consider potential mitigation measures, and make a determination
regarding preparation of additional NEPA documentation, including

supplementing this EIS.

o There is uncertainty in the estimated source terms resulting from an accident
for both the Titan IV and Shuttle launches of the Cassini spacecraft. These

uncertainties apply to not only the probability of impacts on the RTGs from
fragments from the Titan IV SRMUs or SRMs, but also to the probability of
impacts on the RTGsinthe Shuttle cargo bay. Uncertainties will be addressed
in the FSAR relative to the launch vehicle that will be used for the mission.

. Although this EIS reports the results of preliminary analyses, there is
uncertainty as to whether the GPHS modules or GISs would survive an
inadvertent reentry during Earth swingby or release plutonium in the upper
atmosphere. To estimate the potential environmental impacts of a short-term
inadvertent reentry accident, a range of reentry conditions was explored and
the consequences reported. The specific behavior of the modules and GISs
under the range of VEEGA reentry conditions was not explicitly evaluated but
bounded by the more severe VVEJGA reentry conditions.

, With respect to the long-term inadvertent reentry accident, the performance
and behavior of the materials used in the RTGs after many years (a decade to

millennia) in a space environment are highly uncertain. Therefore, the response
of the GPHS modules and GISs in the long-term inadvertent reentry is also
highly uncertain. The radiological consequences of a long-term inadvertent
reentry were therefore assumed to be similar to (same order of magnitude)
those estimated for the short-term VVEJGA inadvertent reentry.

4.7 RELATIONSHIP BETWEEN SHORT-TERM USES OF THE HUMAN ENVIRONMENT
AND THE MAINTENANCE AND ENHANCEMENT OF LONG-TERM PRODUCTIVITY

4.7.1 Short-Term Uses

The affected environment, for the short term, includes the CCAS/KSC and

surrounding areas. The short-term uses of the areas include NASA and Air Force

operations, urban communities, a fish and wildlife refuge, citrus groves, residential
communities, and recreational areas. Both the Proposed Action and the mission
alternatives would be conducted in accordance with past and ongoing Air Force and NASA

procedures for operations at the CCAS/KSC launch sites. Should an accident occur
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causing a radiological release, short-term uses of contaminated land areas could be

curtailed, pending mitigation.

4.7.2 Lonq-Term Productivity

The CCAS/KSC region has and probably will continue to support citrus groves and

wildlife habitat, as well as human activities. Neither the Proposed Action nor the mission

alternatives should have long-term effects on these uses. Should an accident occur

causing a radiological release, the long-term productivity of contaminated land areas could

be impacted.

The successful completion of the Cassini mission, however, could beneficially affect

the future of the U.S. space program, which is important to the economic stability of the

surrounding areas. In addition to the localized economic benefits, implementation of the

Cassini mission has a number of broader socioeconomic benefits. They include technology

spinoffs to industry and other space missions, maintaining the unique capability of the U.S.

to conduct complex outer planetary missions by a large number of scientists and

engineers, and supporting the continued scientific development of graduate students in a

number of universities and colleges. In addition, the Cass_ni mission's international

cooperative efforts will further peaceful and scientific international joint space exploration

ventures.

A potentially large benefit to be gained from the successful completion of this

mission is a better understanding of the Earth and its origins through the exploration and

study of the planet Saturn, its atmosphere, moons, rings, and magnetosphere. The Cassini

mission may also increase the current understanding of how the solar system evolved and

how life began on the Earth.

4.8 IRREVERSIBLE AND IRRETRIEVABLE COMMITMENT OF RESOURCES

Irreversible and irretrievable commitment of resources relate to the use of non-

renewable resources and the effects of their usage on future generations. An irreversible

resource commitment results from the use of a resource that cannot be replaced within a

reasonable timeframe. The use of a resource that cannot be replaced is termed an

irretrievable resource commitment.

For each launch alternative, quantities of various resources including energy and

fuels, iridium metal, plutonium and other material, would be irreversibly and irretrievably

committed. The use of these resources would be associated with the fabrication, launch

and operation of the Cassini spacecraft.

4.8.1 Enerqy and Fuels

The fabrication processes for the Cassini spacecraft would use electrical and fossil-

fuel energy. This usage constitutes an irretrievable commitment of resources that would

not impose any significant energy impacts. The launch and operation of the Cassini

spacecraft would consume solid and liquid propellants and related fluids. The solid

propellant ingredients would be ammonium perchlorate, aluminum powder, and PBAN or
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HTPBbinder. The fluid substanceswould includeliquid oxygen and liquid hydrogen,
heliumgas, nitrogen tetroxide, monomethylhydrazine,unsymmetricaldimethylhydrazine
and hydrazine. The quantities of these resourcesthat would be used for the Cassini
missionhave beendiscussed in Sections 2.2.5, 2.2.6, and 2.3.6.

4.8.2 Iridium

Approximately 329 troy ouncesof iridium will be contained in the CassiniRTGs.
This amount represents less than 0.0002 percent of the discoveredreservesin the world
(DOI1993). The United States maintainsa strategic stockpile of iridium. However, the
presentinventory is currently unpublished(DOI1994).

Essentiallyall platinum-groupmetals, including iridium, are recycled in domestic
use, resulting in a small-percentageloss. Consequently,the total supply availabledoes not
appreciablydecreasewith time, as is the casewith less preciousmaterials that arenot
aggressivelyrecycled. Basedon the world reserves,the amount of iridium lost in the
successfulimplementationof the missioncould easily be replacedfrom the world supply
through current sources.

4.8.3 Plutonium

The RTGs and RHUs would contain approximately 28.1 kg (61.8 Ib) of a mixture of

several plutonium isotopes. Therefore, successful implementation of the Cassini mission

would result in a commitment of this amount of plutonium.

Plutonium (mainly Pu-238) is produced in nuclear reactors. Although the launching

of the RTGs and RHUs represents a commitment of Pu-238 resources that would never be

recovered, additional plutonium could be manufactured in the U.S. or purchased from an

appropriate international source.

4.8.4 Other Materials

The total quantities of other materials used in the mission that would be irreversibly

and irretrievably committed to the Cassini mission are relatively minor. These materials are

primarily steel, aluminum, titanium, iron, molybdenum, plastic, glass, nickel, chromium,

lead, zinc, and copper, as well as small quantities of silver, mercury, gold, rhodium, and

platinum.
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6. AGENCIES AND INDIVIDUALS CONSULTED

This Final Environmental Impact Statement (FEIS) was preceded by a Draft EIS

(DEIS) which was made available for review and comment by Federal, state, and local

agencies and the public on October 21, 1994. The public review and comment period
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APPENDIX A

GLOSSARY OF TERMS

absorbed dose--Energy from ionizing radiation absorbed per unit mass of tissue. For this

report, the energy is assumed to be averaged over the organs or tissues being irradiated.

accident environment-Resulting conditions from an accident scenario, such as blast

overpressures, fragments, and fire.

accident scenario--Launch vehicle and/or spacecraft condition resulting from failure

model(s) at the component and/or subsystem level(s). Different failure modes can result in

the same accident scenario.

air quality--A measure of the levels of constituents in the air.

air quality standards--The legally prescribed level of constituents in the outside air that

cannot be exceeded during a specified time in a specified area. The National Ambient Air

Quality Standards (NAAQS) establish minimum concentration levels set on a scientific

basis for specific pollutants or group of pollutants, such as particulates.

alpha particle--Ionizing radiation produced from the spontaneous decay of certain

radioactive materials, including Pu-238. An alpha particle consists of the nucleus of a

helium atom. Alpha particles are easily stopped by tissue or other material; therefore,

damage occurs only to tissues close to the radiation source.

ambient air--The surrounding atmosphere, usually the outside air, as it exists around

people, plants, and structures. (It is not the air in the immediate proximity of the emission

source.)

aquifer--A water-bearing subsurface formation capable of producing significant quantities

of water under ordinary hydraulic gradients; the water can be pumped to the surface

through a well or emerge naturally as a spring.

archaeological sites--Sites where material remains (e.g., fossils, relics, artifacts, and

monuments) of past human life and activities and cultural remains exist.

astronomical unit (AU)--The distance from the Earth to the Sun. It is equal to

149,599,000 km (92,960,818 mi).

background radiation--Ionizing radiation present in the environment from cosmic rays and

natural sources in the Earth; background radiation varies considerable with location.

Becquerel (Bq)-Unit of activity equal to 1 disintegration per second.

Biological Opinion--A formal opinion from the Fish and Wildlife Service regarding impact or

potential consequences to endangered or threatened species from a proposed action.
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biological resources -- A group of plants, animals, and other living organisms located in a
specific region.

cancer--A group of diseases characterized by uncontrolled cellular growth.

carbon dioxide (CO2)--A heavy colorless, odorless, nonpoisonous gas that is a normal
component of the ambient air; it does not support combustion; it dissolves in water to
form carbonic acid; it can be formed by the combustion or decomposition of organic
substances and can be absorbed from the air by plants during photosynthesis.

carbon monoxide (CO)--A colorless, odorless gas that is toxic if breathed in high
concentrations over a certain period of time; it is a normal component of most automotive
exhaust systems and is a product of incomplete fossil-fuel combustion.

clad--Thin-walled metal enclosure that forms the outer shell of nuclear fuel and prevents
the release of plutonium dioxide and alpha particles into the environment.

committed effective dose equivalent--The sum of the committed dose equivalents to
various tissues of the body, expressed in Sieverts (rein).

complementary cumulative distribution function (CCDF)--The consequence-probability
distribution curves used to represent the conditional probabilities for the various health
effects due to accidents.

conditional probability--The probability that a release of radioactive material could occur
given an initiating accident (i.e., the accident has occurred).

cumulative density function--Alternate form by which to describe the probability
distribution of an accident.

cumulative impacts--Additive environmental, health, safety, and significant socioeconomic
impacts that result from a number of similar activities in an area.

Curie (Ci)--A measure of the radioactivity level of a substance (i.e., the number of
unstable nuclei that are undergoing transformation in the process of radioactivity decay);
one curie equals the disintegration of 3.7 x 101° (37 billion) nuclei per second and is equal

to the radioactivity of one gram of radium-226.

decay heat--The heat produced by the energy of decay of radionuclides.

decay, radioactive--The decrease in the amount of any radioactive material with the
passage of time due to the transformation of one nuclide into a different nuclide or into a
different energy state of the same nuclide. The decay process results in the emission of
nuclear radiation (alpha, beta, or gamma radiation) and heat.
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decontamination (radioactive)--The reduction or removal of radioactive contaminants from

surfaces of equipment by cleaning or washing with chemicals, by wet abrasive blasting, or
by chemical processing.

de minimis--This is a concept to indicate a collective dose level at which the risks to
human health are considered negligible.

deposition--In atmospheric transport terms, the settling out on ground and building
surfaces of atmospheric aerosols and particles (dry deposition) or their removal from the
air to the ground by precipitation (wet deposition or rainout).

dose--The amount of energy deposited in the body by ionizing radiation per unit body
mass.

dose commitment--The dose that an organ or tissue would receive during a specified
period of time (e.g., usually 50 years) as a result of intake (as by ingestion or inhalation),
frequently over 1 year, of one or more radionuclides from a defined release.

dose equivalent--The product of the absorbed dose from ionizing radiation and such
factors that account for the difference in biological effectiveness due to the type of
radiation and its distribution in the body (measured in Sieverts [rem]). The weighting
factor for beta and gamma radiation is 1 and for alpha radiation it is approximately 20;
thus, 1 Gy (100 rad) gamma radiation is equivalent to 1 Sv (100 rem), and 1 Gy (100 rad)
alpha radiation is equivalent to 1 Sv (2,000 rem).

effective dose equivalent--The dose to the whole body that would have the same
biological effect as a given dose equivalent to a particular organ or tissue.

endangered species -Plant and animal species that are threatened with either extinction
or serious depletion in an area and are formally listed by the U.S. Fish and Wildlife Service.

Environmental Impact Statement--The document prepared pursuant to Section 102(2)(C)
of the National Environmental Policy Act (NEPA) of 1969 for a major Federal action that
could potentially significantly affect the environment.

exposure to radiation--The incidence of radiation from either external or internal sources
on living or inanimate material by accident or intent:

• Background--exposure to natural background ionizing radiation

Occupational-exposure to ionizing radiation that takes place during a person's
working hours

Population (or collective)--sum of the exposures to a number of persons who
inhabit an area.
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FailureMode Effects and Analysis -- A technique to identify all the events that might lead

to a system breakdown or failure.

Gaussian plume--The distribution of material (a plume) in the atmosphere resulting from
the release of pollutants from a stack or other source exhibiting the characteristic bell-
shaped (Gaussian) curve. The distribution of concentrations about the centerline of the
plume, which is assumed to decrease as a function of its distance from the source and
centerline, depends on the mean wind speed and atmospheric stability.

general public--Individuals who are normally at and beyond the affected boundary. For
this EIS, the general public includes individuals on CCAS open-access ways (roads, rivers,
creeks, railways).

global environment--The environment that includes worldwide factors, such as population
distribution and density, general climatological condition characteristics, surface type (i.e.,
oceans, rock, soil), and global atmospheric inventory of plutonium.

gravity-assist--Using the planetary gravitational field to increase the velocity or decrease
the injection energy of a spacecraft.

groundwater-Water within a subsurface formation that can supply springs and wells.

habitat--The place or type of site where a plant or animal naturally or normally lives and

grows.

half-life (radiological)--The period required for the disintegration of half the atoms in a
given amount of a specific radioactive substance. The half-life varies for specific
radioisotopes from millionths of a second to billions of years.

health effect (for this EIS)--The impact to human health due to radiation doses. The
number of excess latent cancer fatalities over and above the normal occurrence rate that

could occur in the exposed population as a result of radiation from a launch accident or
swingby accident.

historical resources--The sites, districts, structures, and objects considered limited and
nonrenewable because of their association with historic events, persons, or social or
historical movements.

hydrology--The science dealing with the properties, distribution, and circulation of natural
water systems in and upon the Earth, including groundwater, surface water, and rainfall.

initiating event (failure) -- An event that can begin an accident sequence if followed by
systems failures or operator errors.

initiating probability--The probability that an identified accident scenario and associated
adverse conditions (accident environment) will occur.
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ionizing radiation--Any radiation capable of displacing electrons from atoms or molecules,

thereby producing ions.

isotope--One of perhaps several different species of a given chemical element with the

same number of protons, which are distinguishable by variations in the number of neutrons

in the atomic nucleus but indistinguishable by chemical means.

maximally exposed individuaI--A hypothetical person located to receive the maximum

possible dose.

maximum individual dose--The maximum individual dose commitment that an individual

could receive over a 50-year commitment period.

micron (/am)--Unit of measure expressed as 10 -6 meters or a micrometer.

NOx-- Refers to the oxides of nitrogen, primarily NO and NO 2. Gases, formed primarily by
fuel combustion, that contribute to air pollution problems, such as the formation of acid

rain and smog.

offsite--The area outside the property boundary of the CCAS site.

onsite--The area within the property boundary of the CCAS site.

onsite population--NASA, DOD, and contractor personnel who are on duty at CCAS or

KSC and badged onsite visitors.

Orbiter--For purposes of this EIS, a spacecraft, such as Cassini, designed to orbit a planet

(i.e., a celestial body) without landing on its surface.

ozone (O3)--A triatomic form of oxygen that is a bluish irritating gas of pungent odor.

Ozone is formed naturally in the upper atmosphere by a photochemical reaction with

ultraviolet radiation.

particulates--Microscopic pieces of solids (usually air pollutants) that emanate from a

range of sources. Inthis case, the particulates released from combustion are mainly

composed of aluminum oxide (AI203). Under the NAAQS, particulates are measured in the

ambient air as PMlo (i.e., particles with an aerodynamic diameter less than or equal to a

nominal 10 micrometers).

PascaI--A metric unit of pressure; 101,000 Pascals is equal to 14.7 pounds per square

inch (psi).

person-Sievert (person-rem)--The unit of collective radiation dose commitment to a given

population or the sum of the individual doses received by a population segment.
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pH--A measure of the hydrogen ion concentration in an aqueous solution, specifically the
negative logarithm of the hydrogen ion concentration. Acidic solutions have a pH from 0
to 7; basic solutions have a pH greater than 7.

plume--The elongated pattern of contaminated air or water originating from a point-source
emission, such as a smokestack, or from a waste source, such as a hazardous waste
disposal site.

plutonium--A heavy artificially produced radioactive metal (atomic number 94) with 15
isotopes. The Pu-238 isotope forms the basis for the fuel in the RTG. With a decay half-
life of 87.7 years, Pu-238 is produced from the neutron bombardment of neptunium-237.

probability density function -- A representative of the probability distribution of a
continuous random variable.

proposed action--Significant activity(ies) evaluated by an EIS for which alternatives are

proposed. For this EIS, the proposed action consists of completing the preparation for and
launch of the Cassini spacecraft for its 4-year science tour of Saturn.

radiation--The emitted particles (alpha, beta, neutrons) or photons (gamma) from the
nuclei of unstable (radioactive) atoms as a result of radioactive decay. Some elements are
naturally radioactive; others are induced to become radioactive by bombardment in a
nuclear reactor or other particle accelerator. The characteristics of naturally occurring
radiation are indistinguishable from those of induced radiation.

radioactivity--The spontaneous decay or disintegration of unstable atomic nuclei, usually
accompanied by the emission of ionizing radiation.

radioisotope heater unit (RHU)--An RHU is a radioisotope-fueled system consisting of a 1-
watt pellet of plutonium-238 dioxide, a platinum-30 rhodium (Pt-3ORh) clad, an insulation
system of pyrolitic graphite (PG), and an aeroshell/impact body of fine-weave pierced
fabric (FWPF). RHUs help to regulate temperatures onboard the spacecraft and the
Huygens Probe.

radioisotope thermoelectric generator (RTG)--An RTG is a power system consisting of a
radioisotopic heat source and a thermoelectric converter that transforms thermal energy
into electricity from the radioactive decay of plutonium-238.

radioisotopes--Unstable isotopes of an element that decay or disintegrate and
spontaneously emit particles or electromagnetic radiation.

receiving waters--Rivers, lakes, oceans, or other water bodies that receive treated or
untreated wastewaters.

reference population--A representative group of people in a specified area that would be
exposed to radiation.
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rem--The unit dose representingthe amount of ionizingradiation neededto produce the
samebiological effects as one roentgenof high-penetrationX-rays (about 200 kv).

risk--The accident frequency coupledwith the expectedconsequences. For severe
accidentswith high consequences,the risk is balancedby the low accident frequency.
Riskis definedquantitatively as the product of the frequency and the consequence. In the
caseof the Cassinimission,the risk is the probability (per unit dose) of producing, in an
individual or a population, a radiation-induceddetrimental healtheffect, such as cancer.

risk assessment--A processcomprisingthe identification of the hazards,such as patterns
and level of exposure,and the evaluationof the risk (i.e., accident frequency and
consequences)to affected individualsor population from a known event.

Sievert(Sv)--The SIunit of dose equivalent. OneSv is equivalent to 100 rem.

socioeconomics--Relatingto or involving a combinationof social and economic factors.

solar energy--Energyfrom the Sunor heat from the Sunconverted into anenergy source.

solid rocket motor (SRM)--A chemical rocket propulsionsystem employedfor launch
vehiclesthat uses solid propellants.

sourceterm--The quantities of materialsreleasedduring an accident to air or water
pathways and the characteristicsof the releases(e.g., particle sizedistribution, release
height and duration); used for determiningaccidentconsequences.

stratosphere--An upper portion of the atmosphereabovethe tropospherereaching a
maximum height of 50 km (164.050 ft)above the Earth's surface. The temperature is
relatively constant in the lower stratosphereand gradually increaseswith altitude. The
stratosphere is Earth's main ozoneproducingregion.

surfacewater--All water on the Earth'ssurface, as distinguishedfrom groundwater.

swingby--Part of the trajectory when, during an interplanetarymission, a spacevehicle
passesby a planet to use the planetarygravitation to changecourse and to obtain
additionalvelocity/momentum.

torus--The doughnut-shaperegionof spaceswept out by the Earthas it orbits the Sun.

trajectory--The flight path that a spacecraftwill take during a mission.

troposphere--The portion of the atmospherenext to the Earth's surface in which the
temperaturerapidlydecreaseswith altitude, clouds form, and convection is active. The
tropospherebeginsat ground level and extends to an altitude of 10 to 12 km (32,808 to
39,370 ft) abovethe Earth's surface.
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upper stage--The portion of the launchsystem that injects the spacecraft (payload)from a
parkingorbit into the desiredorbit or interplanetarytrajectory.

water quality standards--The levels of constituents or characteristics that affect the
suitability of water for a given use or classification (e.g., drinking water, recreation use,
propagation of fish and aquatic life, and agricultural and industrial use). Standards are
legally enforceable.

wetlands--Land or areas exhibiting the following characteristics: hydric soil conditions;
saturated or inundated soil during some portion of the year and plant species tolerant of
such conditions; also, areas that are inundated or saturated by surface or groundwater at a

frequency and duration sufficient to support, under normal circumstances, a prevalence of
vegetation typically adapted for life in saturated soil conditions. Wetlands generally
include swamps, marshes, bogs, and similar areas.

wind rose--A diagram showing the relative frequency and strength of winds from different
directions for a given place.
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APPENDIX B

PROBABILITIES AND SOURCE TERM METHODOLOGY
FOR INADVERTENT REENTRY DURING AN

EARTH SWlNGBY AND INTERPLANETARY CRUISE
FOR THE VVEJGA AND VEEGA TRAJECTORIES

B.1 EARTH GRAVITY-ASSIST CONSIDERATIONS IN DETERMINING PROBABILITIES

The Proposed Action, the 1999 mission alternative, and the 2001 mission
alternative would utilize planetary gravity-assist trajectories to gain enough energy to reach

Saturn. Aplanetary gravity-assist uses the planet's gravity for the extra energy needed by
the spacecraft to maintain or increase its velocity so that it can reach its mission
destination (in this case, Saturn). The Proposed Action's primary launch opportunity

would use a Venus-Venus-Earth-Jupiter-Gravity-Assist (VVEJGA) trajectory to reach
Saturn. The spacecraft on this trajectory would make four planetary gravity-assist
swingbys--the first two around Venus, the third around the Earth, and the fourth around
Jupiter before reaching Saturn. The 1997 secondary and 1999 backup contingency
launch opportunities under the Proposed Action as well as the 1999 dual Shuttle
alternative would each use a Venus-Earth-Earth-Gravity-Assist (VEEGA) trajectory to reach

Saturn. The primary launch opportunity for the 2001 mission alternative would use a non-
Earth-gravity-assist trajectory, a 10.3-year Venus-Venus-Venus-Gravity-Assist (VVVGA).

If a failure occurs during a planetary gravity-assist swingby, the spacecraft could be

placed in a planet-impacting trajectory. For these launch opportunities, multiple
opportunities would exist for planetary impacts to occur during swingby activities: four for
the primary launch VVEJGA opportunity (Venus, Venus, Earth, Jupiter swingbys), and
three each for the VEEGA (Venus, Earth, Earth swingbys) and VVVGA (Venus, Venus,

Venus swingbys) opportunities. The Earth swingby(s) would be the primary concern.

If an accident or failure occurs during the swingby process resulting in loss of
control of the spacecraft and the spacecraft is placed on an Earth-impacting trajectory, the

three radioisotope thermoelectric generators (RTGs) and 117 radioisotope heater units
(RHUs) onboard the Orbiter and 40 RHUs on the Huygens Probe could impact the Earth.
(Earth impact is defined as the inadvertent reentry of the spacecraft into the Earth's
atmosphere.) The RTGscould reenter the Earth's atmosphere leading toa range of fuel-
end states that include intact modules (damaged and undamaged), intact GISs, particulate,

and vaporized fuel. Of the 157 RHUs, the 117 in the Orbiter would be predicted to

vaporize but the 40 RHUs in the Probe would be expected to survive reentry.

The potential would also exist for a failure to occur that could result in a loss of
spacecraft control during the non-swingby or interplanetary cruise portion of the gravity-
assist trajectories. If such an event occurred and the spacecraft drifted in its orbit around
the Sun, an Earth impact could occur a decade to centuries later, after many revolutions
around the Sun. Once the spacecraft has successfully completed its planetary gravity-

assist trajectory and the Saturn Orbit Insertion (SOl) has occurred, the spacecraft would
come under the gravitational influence of Saturn and would no longer pose a threat of
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Earth impact. Even if SOl is not achievedor a spacecraft failure occurs after the gravity-
assists, the resulting trajectories would probablynot crossthe Earth's torus and would
likely eject the spacecraft from the solar system.

Precautionsare taken in the missiondesign to ensurethat an inadvertent reentry
into Earth's atmosphereresulting in an impact with the Earth's surfacedoes not occur
during the Earth-gravity-assistswingbys. This ongoingdesign is also intended to assure
spacecraft control during interplanetarycruiseto precludea potential Earth impact years
later.

To this end, a formal design requirementwas imposedto ensurethe expected
probability of Earth impact would not exceed 10.6 (i.e., 1 in a million) (Jet Propulsion
Laboratory[JPL] 1993f).

Following injection, the probability of Earth impact by the spacecraft shall
not exceed 10 -6 taking into account potential failures.

To verify that this requirement can be satisfied during this mission, JPL assessed
the probability of Earth impact (JPL 1993f). This requirement was interpreted to mean
that the expected value of the Earth impact probability, from injection of the spacecraft
into its planetary gravity-assist trajectory to Saturn (i.e., from the end of launch Phase 6)
to 100 years beyond the nominal Saturn encounter date, should not exceed 10 -6 .

The JPL study was performed to determine the necessary actions in the design of
the spacecraft, ground system, and navigation planning to ensure that the probability of
Earth impact satisfied the design requirement (JPL 1993f). The study incorporated a
quantitative assessment of the probability of Earth impact, including an evaluation of the
uncertainties in the assessment process. Additionally, an independent review panel found
the approach taken by JPL to assess the probability of an inadvertent reentry to be sound
and reported that JPL's results are reasonable (Cassini Swingby Independent Review Panel
1995).

The following sections present the methodology used for determining the Earth
impact probability and the failure mode analysis that leads directly to short-term, long-
term, and total probability of an Earth impact from an inadvertent reentry. Two

trajectories were evaluated: the VVEJGA trajectory of the primary launch opportunity and
the VEEGA trajectories associated with both the 1997 secondary and 1999 backup launch
opportunities and the 1999 dual Shuttle launch alternative. Because the VEEGA
trajectories for the secondary and backup launch opportunities have essentially the same

characteristics, and because the VEEGA trajectories are identical for the 1999 backup
launch opportunity and the dual Shuttle launch alternative, only the 1999 launch
opportunity is referenced throughout the discussion. The probabilities associated with the
secondary launch opportunity are expected to be similar to or less than those for the 1999
launch opportunity.
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B.1.1 Methodolo.qy

The Earth impact probability developed by JPL consists of short- and long-term
components. The short-term component is the contribution resulting from the navigation
of the Earth swingby(s) for agiventrajectory(VVEJGA or VEEGA). The long-term
component is the contribution from a failure during the interplanetary cruise that leads to a
disabled spacecraft drifting in an orbit around the Sun, so that the spacecraft could
reencounterthe Earth sometime beyond the nominal Saturn encounter date. For this
analysis, the probability of impact during the first 100 years beyond SOl was considered.

For either component, the Earth impact probability (PI) can be expressed as:

PI: _, PF( i) PilE(i) PNR( i)
i

(C-1)

where:

PI = Probability of Earth impact

PF(i) = Probability of failure of i-th failure mode

PI/F(i) = Probability of a resultant Earth impact trajectory given an occurrence of
the i-th failure mode

PNR(i) Probability of no recovery given the failure mode and the time to impact;
this probability is conditional on the occurrence of the failure and on the
spacecraft being on an impact trajectory because of the failure.

This relationship represents several important concepts. A number of failure modes
contribute to impact probability. One objective of the JPL study was to identify these
failure modes. It is important to note that not all failures would place the spacecraft on an
impacting trajectory and that all failures would not adversely affect the capability of
mission controllers to achieve successful Earth swingby(s), illustrated by the PI/F and PNR

terms. For example, the Galileo high-gain antenna anomaly resulted in only a partial
deployment of the antenna, which did not prevent the precise delivery of the Galileo
spacecraft at the second Earth swingby.

To keep the short-term impact probability low, a trajectory-biasing strategy is used

in the trajectory design and implementation plan to reduce the probability of an Earth
_mpacting trajectory if a failure were to occur (i.e., to reduce PI/F ). During most of
Cassini's inner solar system journey, the spacecraft would be on a trajectory that, without
further maneuvers, would miss the Earth by tens of thousands of kilometers. As part of
the Earth impact avoidance strategy, the spacecraft would either be placed on a trajectory

passing through the required Earth swingby point just 10 days prior to the Earth swingby
for the VVEJGA, or 7 days prior to each of the two Earth swingbys for the VEEGA.
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The JPL study determinedthat, although a trajectory-biasingstrategy to control the
potential for Earth impact during a plannedswingby would affect the probability over the
longterm, such a strategy could not be reliedupon exclusivelyto control the long-term
probability. Failureson legstargeted toward Earthor Venus would tend to result in
spacecraft trajectoriesthat remain in the vicinity of Earth's orbit. Failuresduring legs
targeted toward Jupiter or Saturn tend to result in trajectories that would never return to
the vicinity of Earth's orbit. Gravity-assistsby the massiveouter planets, for example,
would virtually ensurethat failures during the last 73 percent of the primary and the last
44 percent of the backupinterplanetarycruise do not result in an Earth impact. Over a
long-timeperiod, the Earth impact probability is dominatedby third-body perturbationsto
the spacecraft trajectory and by accidental planetarygravity-assist swingbys while the
errant spacecraft is drifting in a Sunorbit. Therefore, the long-term Earth impact
probability would have to be controlled by designingthe spacecraft and missionoperations
so that the failure probabilitieswould be low.

Not all failures would placethe spacecraft on an Earth-impactingtrajectory. The
PNR term includes the ability to recover control of the spacecraft and successfully apply a
corrective maneuver after a failure. If the spacecraft was not completely incapacitated by
the failure, then the normal course of action would be to accurately determine the
spacecraft trajectory and, if required, command a recovery sequence to modify the
trajectory and avoid Earth impact.

B.1.2 Failure Mode Analysis

Two general categories of uncertainty can lead to an Earth-impacting trajectory.
First, Earth-impacting trajectories could result from uncertainties in the normal operation of
the spacecraft and its navigation system (navigation uncertainties). During a maneuver
(i.e., a normal trajectory correction), for example, the actual change in position and/or
change in velocity of the spacecraft may differ slightly from the desired change or that
estimated by the navigation system. Changes in actual position and/or velocity, if large
enough and uncorrected, could lead to Earth impact. Such uncertainties are not
considered failures; they are expected variations in the operation of the systems. The
second general category would be failures. In general, failures can be classified into three
categories: environmentally-induced failures, internal spacecraft failures, and ground-
induced failures. These types of failures can result in an anomalous spacecraft velocity
change that could place the spacecraft on an Earth-impacting trajectory. A subset of

these failures could prevent the spacecraft from being recovered after being placed on an
Earth-impacting trajectory.

Of all the environmentally-induced failure modes identified by the JPL study, only
micrometeoroid-induced tank rupture was a significant contributor to the short-term Earth
impact probability (JPL 1993f). The Cassini spacecraft design would include components
to provide protection from micrometeoroids; however, some particles in space have
sufficiently high energies to penetrate or overcome those protective measures and damage
the spacecraft. Current analyses indicate that the spacecraft on theVEEGA trajectory
would require the equivalent of three times the particle shielding protection as used on the
VVEJGA trajectory. Arupture of a propellant or a pressurant tank could cause an
anomalous spacecraft velocity change and loss of spacecraft control or commandability.
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The contribution to Earth impact probability from all other failure modes {environmentally-

induced, internal spacecraft failures, and ground-induced) was more than an order of

magnitude less than that from micrometeoroid-induced failures. Thus, micrometeroid-

induced failures are the primary factor in evaluation of the probability of an Earth impact

during a planned swingby. Other failure modes evaluated included stuck-open thruster

valves, main engine valve failures, accelerometer failures, main engine gimbal actuator

failures, and anomalous Sun searches due to stellar reference unit or inertial reference unit

failures. Coding errors in the Attitude and Articulation Control Subsystem (AACS) and

Command and Data Subsystem (CDS) flight software were determined to be the

spacecraft software contributors to Earth impact probability (JPL 1993f).

The dominant failure mode for the long-term Earth impact probability was

determined to be loss of control due to internal spacecraft system failures. Internal

failures include design and implementation errors, common-mode failures, electronic parts

failures, hardware failures, and software errors. Ground-induced errors made by

spacecraft controllers are sent to the spacecraft and executed. Two categories of ground-

induced errors are erroneous ground commands and navigation design errors. These

potential ground-induced errors were determined to be insignificant contributors to Earth

impact probability.

In addition to these potential failures that could place the spacecraft on an Earth-

impacting trajectory, failures that could prevent the spacecraft from being recovered once

it is on an Earth-impacting trajectory were also considered. In some cases, the same

failure that would place the spacecraft on an impacting trajectory would also prevent

recovery.

For the failures that would put the spacecraft on an Earth-impacting trajectory but

do not preclude the execution of recovery maneuvers, the key factor in determining

whether or not recovery could actually be accomplished and Earth impact avoided is the

amount of time remaining before the Earth swingby, not the cause of the initial failure.

(Until the spacecraft is close to the Earth swingby, only new failures that would

completely disable the spacecraft need to be considered. Other failures can be diagnosed

and corrected with sufficient time to make another recovery attempt.) The spacecraft

primary disabling failures were determined to be micrometeoroid hits and spacecraft

system internal failures. For initial failures that occur very close to swingby (i.e., within 2

days of Earth encounters), it was assumed that there would not be enough time to detect

the failure and take corrective action. For failures occurring 39 or more days before Earth

encounter, sufficient time would exist for problem diagnosis, development of a recovery

plan, and execution of at least one and probably more recovery attempt(s). If a failure

occurred between 39 and 2 days before the Earth encounter, there would be time to make

only one recovery attempt; any subsequent failure was conservatively assumed to abort

recovery attempts. JPL's evaluations indicated that the major contributors during this

period would be ground failures preventing successful execution of a recovery maneuver

and a spacecraft failure requiring ground intervention (JPL 1993f).
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B.1.3 Short-Term Impact Probability

The objective of the trajectory-biasing navigation strategy from the point of Earth
escape to the Earth swingby(s) is to satisfy the Earth impact probability while delivering
the spacecraft to the necessary Earth swingby aimpoint. The navigation strategy is driven
by the requirement to control the trajectory so that the spacecraft can satisfy the mission
objectives and maintain alow probability of inadvertent reentry. The navigation strategy
discussed here is not concerned with the overall trajectory design, which is controlled by
the launch vehicle capabilities and mission objectives, but with the small variations in this
trajectory. The trajectory-biasing navigation strategy that would be used for the Cassini
mission would break the overall trajectory leading to Earth swingby into segments or
steps, where the overall Earth impact probability of each segment would be controlled by
biasing the aimpoint to avoid Earth impact. Prior to launch, an analysis would be
performed to determine the duration and swingby conditions for each segment of the
trajectory. Two rules would guide the analysis: 1) at no point during the mission, from
injection into the planetary gravity-assist trajectory to Saturn to the final Earth swingby,
would the expected probability of being on an Earth impact trajectory, following
completion of a maneuver, be greater than 10 -6, and 2) if a maneuver terminated early, the
probability of an Earth-impacting trajectory would be no greater than that for a completed
maneuver. After launch, the Cassini spacecraft would be controlled to these conditions.

Calculation of the short-term probability of Earth impact requires evaluation of three
factors: the failure probabilities and associated anomalous velocity changes, the
uncertainties in the navigation process, and the characteristics of the spacecraft trajectory.
For the purpose of defining an Earth swingby navigation strategy, steps would be taken to
minimize the effect of both failures and navigation uncertainties. The navigation strategy
would focus on specifying and controlling the spacecraft trajectory conditions given the
failure probabilities and navigation uncertainties.

In general, the Earth impact probability decreases as the swingby altitude increases;
therefore, impact avoidance requirements could be satisfied by simply raising the swingby
altitude. However, specific swingby conditions would be needed to shape the trajectory,
and the spacecraft cannot carry sufficient propellant to replace this effect (except possibly
for avery small bias). There would, however, be enough propellant to bring the trajectory
in toward the Earth in several steps before the swingby.

The probability of Earth impact is presented as a probability density function (PDF)
over the model uncertainties. To calculate a PDF for the short-term Earth impact
probability, it was necessary to perform a Monte Carlo simulation for both the primary and
backup mission trajectories. (It is reasonable to assume that the Earth impact probability
for the 1997 secondary launch opportunity's VEEGA trajectory would be similar to or less
than that estimated for the 1999 launch opportunity.) A best estimate of the short-term
Earth impact probability was estimated by calculating the probability of impact for each
significant failure mode. To provide an understanding of the contributing failure modes to

the short-term Earth impact probability, a logic diagram (see Figure B-l) was generated. In
the figure, the significant contributors are in bold (JPL 1993f).
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Using values of navigation uncertainty at three confidence levels (i.e., 10 percent,
50 percent or best estimate, and 90 percent) and three values of the anomalous
spacecraft velocity change associated with a given failure, the probability of Earth impact
was computed along the trajectory at maneuvers or at discrete time steps, depending on
the failure mode being considered. The Monte Carlo simulation was performed with
random selections of failure mode confidence levels, effects of the failure mode on
imparting an Earth-impacting trajectory change, and the probability of recovering
spacecraft control given the failure and time of occurrence in the simulated mission. A
total of 1,000 Monte Carlo runs or simulated missions were performed for each launch
opportunity (primary and backup), with each run breaking the mission trajectory into a
number of time steps. All failure modes were sampled. By sampling the failure probability
and the probability to recover at the 10, 50 (best estimate), and 90 percent confidence
levels and the probability of an impact trajectory resulting from the failure at a random
time step, a distribution of the overall Earth impact probabilities was developed. The
factors, after each had been sampled, were multiplied together to determine the probability
of Earth impact at a given time step. The individual probabilities were then summed over
the time step and across all failure modes to obtain the overall probability of Earth impact
for the given trajectory (Table B-l). Micrometeoroid-induced failures, as noted previously,
dominate the failure modes. The analyses performed for the Perseidsmeteor shower (an
event that occurs in August every year) predicted that the Cassini spacecraft while on the
VVEJGA trajectory would pass through both enhanced and storm environments but only
the enhanced environment would apply while on the VEEGA (backup) trajectory.
Calculated (i.e., best estimates) flux levels (of micrometeoroids) in the enhanced

environment are about 3 times greater than background, and about 30 times greater than
background in the storm environment. The mean values for the short-term probability of
Earth impact occurring under the Proposed Action were estimated at 7.6 x 10 -7 for the
VVEJGA trajectory of the primary launch opportunity and at 4.7 x 10 .7 for the backup
opportunity's VEEGA trajectory (JPL 1993f).

As additional analyses for the short-term Earth impact case, JPL calculated the
distribution of spacecraft reentry angles into Earth's atmosphere. These calculated
distributions are representative of the reentry angle estimated for an Earth swingby
accident. The Department of Energy used part of theJPL analysis to evaluate the
potential consequences to the RTGsand RHUsof an Earth swingby accident. JPL's
analysis indicated that reentry angles less than 7 degrees would probably cause the
spacecraft (plus RTGs and RHUs) to skip back out of the atmosphere and not impact the
Earth. The frequency distributions of reentry angles for the primary launch opportunity's
VVEJGA trajectory and for the second Earth swingby in the 1999 launch opportunity's
VEEGA trajectory tended to be greatest in the lower entry angles (about 7 to 30 degrees),
indicating that this reentry would be more likely to occur in the lower entry angles.
Specifically, the reentry would be relatively "shallow." The first Earth swingby of the
VEEGA had a nearly uniform distribution of reentry angles between 10 and 80 degrees
ranging from shallow to steep. With ashallow reentry, the spacecraft would spend more
time passing through Earth's atmosphere before impacting than during a steep reentry.
Figures B-2, B-3, and B-4 illustrate the conditional probabilities for various entry angles for
the primary and backup launches (JPL 1993f).
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TABLEB-1. SHORT-TERMMEANEARTHIMPACTPROBABILITIES

Failure Mode

I Environmental Failures

1) Micrometeoroid (the only significant
environment failure mode)

A) Bipropellant Tank

B) Hydrazine Tank

C) Helium Tank

D) Engineering Bus

Primary (VVEJGA) Earth 1

6.11 x 10 .7
1.13 x 10 .7

3,02 x 10 .8

2.21 x 10 -l°

II Major Spacecraft Failures
1) Stuck-Open Thruster Valve

A) Z Thruster

1) Mechanical Failure

2) Electrical Failure
B) X Thruster

1 ) Mechanical Failure

2) Electrical Failure

2) Stuck-Open Main Engine Valve

A) Mechanical Failure
1 ) Oxidizer Valve

2) Fuel Valve

B) Electrical Failure

3) Accelerometer Failure

4) Main Engine Gimbal Actuator Failure

5) AACS Flight Software Error
6) CDS Flight Software Error

7) Anomalous Sun Search

8) Spacecraft System Internal Failure

III Ground-Induced Errors

1) Erroneous Ground a Command

2) Navigation Design b Error

1.37 x 10 -12

3.23 x 10 -12

2.33 x 10 10

4.86 x 1 0 -1 1

Nil

Nil

Nil
2.45 x 10 -10

2.07 x 10 12

3.00 x 10 -12

Nil

1.35 x 10 11

1.93 x 10 .9

1.76 x 10 -l°
6.94 x 10 -1°

1999 (VEEGA)

1.52 x 10 7

2.91 x 10 8

7,04 x 10 9

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

I .92 x 10 1°

4.11 x 10 lO

Earth 2

2.33 x 10 7

3.06 x 10 8

6.36 x 10 9

1.03 x 10 12

Nil

Nil

Nil

Nil

Nil

Nil
Nil

7.17 x 109

2.66 x 10 -12

Nil

1.60 x 10 .9

Nil

2.90 x 10 -11

3.04 x 10 -l°
2.40 x 10 -10

TOTAL 7.6 x 10 -7 1.9 x 10 .7 2.8 x 10 .7

Source: JPL 1993f

a. Computed as a bound by setting PI/F = 1.0.
b. Computed as a bound by setting AV toward the Earth.

Note: Nil indicates that the mean fractional Earth impact probability is less than 10-12; three-digit

precision is retained to facilitate addition.
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In addition, JPL calculated the latitudes at which Earth impact would probably
occur. The VVEJGA trajectory would most likely result in reentry between the equator
and about 30 degrees south latitude (see Figure B-5); the first Earth swingby (see
Figure B-6) of the VEEGA trajectory would probably have the greatest spread in
reentry/altitude with most reentries ranging from 36 degrees north latitude to about
17 degrees south latitude. The second Earth swingby of the VEEGA would probably
reenter between roughly 23 degrees north latitude and 5 degrees south latitude (see
Figure B-7).

B.1.4 Lon.q-Term Impact Probability

The short-term impact analysis indicates that the probability of Earth impact during

atargeted Earth swingby is extremely small. However, if control of the spacecraft is lost
before SOl and the spacecraft does not impact the Earth during a targeted swingby, there
would still be a remote possibility that long-term perturbations to the orbit could cause the
spacecraft to eventually reencounter the Earth. JPL's long-term analysis computed the
probability of Earth impact through a non-targeted (i.e., unplanned) Earth swingby from the
time of spacecraft failure to 100 years beyond the planned SOl date.

To compute the long-term probability of Earth impact, a knowledge of the
spacecraft failure probabilities and associated anomalous spacecraft velocity changes, the
uncertainties in the navigation process, and the long-term motion of the spacecraft is
required. The long-term analysis only evaluated failures causing a loss of spacecraft
control with no chance of recovery. Figure B-8 illustrates the logic diagram for this
analysis with the dominant scenarios contributing to the long-term Earth impact are in
bold.

Because a large number of spacecraft trajectories could result given a failure during
interplanetary cruise, a Monte Carlo analysis was performed using thousands of
trajectories and a wide range of failure times and associated anomalous velocity changes.
Each case included an initial spacecraft orbital state that was then perturbed by navigation
uncertainty and any associated velocity changes. Each state was then propagated for 100
years for use in the analysis.

To determine the probability of Earth impact given a failure, a large body of work
refined over the past 40 years was used to estimate the probability of impact by Earth-

crossing asteroids. Existing theory applicable to lifetime analysis of asteroids and comets
was modified to apply to this spacecraft impact analysis. In this method, the number of

passages of the spacecraft through the Earth torus (the region of space swept out by the
Earth as it orbits the Sun) are used to compute the probability of Earth impact. For an
impact to occur, the spacecraft would have to cross through the Earth torus and, at the
time of the crossing, the Earth would have to be at a position within the torus to cause
impact (JPL 1993f).

The number of torus crossings for all Monte Carlo cases were computed by

propagating the initial conditions for each case using a high-precision numerical integration
program and then counting each passage through the Earth torus. For a given torus
crossing, the Earth-crossing asteroid theory was used to analytically compute the
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probability of the Earthbeing in the position requiredfor Earth impact. An uncertainty
analysiswas performedto yield probability distributions for both the numberof torus
crossingsper caseand the probability of Earth impact given a torus crossing. These
distributions were combinedwith the spacecraft failure distribution to yield a PDFfor the
long-term Earth impact probability.

The mean long-term Earth impact probability for 100 yearswas estimated at
6.0 x 10-8for the primary launchopportunity and 4.0 x 10.7 for the backuplaunch
opportunity. The impact probability is largerfor the backupopportunity becauseof the
longercruise duration andthe different interplanetarytrajectory characteristics. It is
reasonableto assumethat the probability associatedwith the secondarylaunch
opportunity would be similar to or lessthan that for the backupopportunity. An important
result of the analysisis that for failures occurringduring the latter half of the interplanetary
cruise for all launchopportunities, in nearlyall cases, the spacecraftwould bequickly
ejected from the solar system by a strong Saturngravity assist, thereby precludingany
possibility of Earth impact.

As a point of interest, a subset (approximately20 percent)of all the Monte Carlo
caseswas also propagatedfor 1,000 years to study the very long-termprobability of Earth
impact. The samemethodologyused for the 100-yearcasewas used for these 1,000-
year cases. The meanprobability of Earth impact over 1,000 yearswas about 2.5 times
higherfor the primary opportunity and about 1.5 times higher for the backup opportunity
than that for a lO0-year period (JPL1993f).

B.1.5 Total Impact Probability

As mentioned previously, the expected probability of Earth impact for the Cassini
mission must be less than or equal to one in a million (10-6). A number of parameters can

be used to describe the characteristics and interpretation of a PDF (or of a complementary
cumulative probability curve). The expected value of a random variable is expressed by
the mean of the probability distribution. Thus, this Project requirement is fulfilled when
the mean of the assessed probability distribution is less than or equal to 10 -6 .

The total Earth impact probability distribution is the probabilistic sum of the short-
and long-term Earth impact probability distributions. A 1,000-trial Monte Carlo simulation
was used to perform this probabilistic summation. Figure B-9 presents the PDF and
complementary cumulative probabilities for the primary and backup trajectories. The mean
values of these distributions are 8.2 x 10 -7 for the primary trajectory and 8.7 x 10 -7 for

the backup trajectory. It is reasonable to assume that the value for the secondary launch
opportunity would be similar to or less than that for the backup opportunity. Because the
mean of both distributions is less than 10 -6, the Project Earth swingby requirement is
satisfied for all launch opportunities. (Figure B-9 also indicates values below which

90 percent of the possible Earth impact probabilities lie.) During the ongoing process of
monitoring the inputs and assumptions used in estimating the probability of accidental
Earth impact, small variations are anticipated in the exact PDF parameters. However, the
Cassini project would always take those actions necessary to ensure that the expected
impact probability mean is held below the 1.0 x 10 .6 overriding constraint.
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B.2 EARTHGRAVITY-ASSISTCONSIDERATIONSIN DETERMININGSOURCETERMS

This section of the appendixpresentsthe methodology used in estimating the
sourceterms for a conditional short-term inadvertent reentryduring the VVEJGAand
VEEGAtrajectories prior to anEarth swingby(s).

For VEEGAshort-term inadvertent reentries,reentry velocities would be
approximately 16.5 km/s (54,000 ft/s) for the E1 and 17.3 km/s (56,800 ft/s) for the E2
comparedto theVVEJGA reentry velocity of 19.1 km/s (62,700 ft/s). For purposesof
this EIS,the module reentry responsefor the VEEGAinadvertent reentrieshasbeen
conservatively assumedto be the sameas for the moresevereVVEJGA inadvertent
reentry. Sourceterms for the VEEGAinadvertent reentrieshave beendevelopedusing the
sameapproachor methodologyuse for the VVEJGAsourceterms (HalliburtonNUS
1994a).

Radiologicalconsequences(i.e., sourceterm) for the long-term inadvertent reentry
cannot be estimated becauseof severaluncertainties. Theseuncertainties involve the
timing of the reentry which affects the inventory of radioactivematerialsonboard, the
reentry-angle,-velocity, and -latitude, and the world population/densityat the time of
reentry. In addition, there is uncertainty as to the RTGresponseto reentry conditions and
therefore the resulting fuel end states. Therefore, in the following discussions,an
inadvertent reentry appliesonly to the short-term reentry possibility.

Section B.2.1 presentsthe methodologyfor determiningthe GeneralPurposeHeat
Source(GPHS)module reentry response. Section B.2.2 summarizesthe source term
calculation methods, while Section B.2.3 provides the resultsof the radiological
consequencesbasedon the fuel end states.

B.2.1 Methodoloqy for GPHS Module Reentry Response

As presented in Section 4.1.5.4, a range of fuel end states were postulated to
occur as a result of the reentry of the GPHS modules: intact undamaged modules, intact

GPHS modules with damaged but intact graphite impact shells (GISs), intact GISs, and
particulate and vaporized fuel. U.S. Department of Energy (DOE) staff and contractors
with expertise in RTG-reentry and -safety developed probability estimates of the range of
these potential fuel end states using Failure Abort Sequence Trees (FASTs) based on
available analyses (Martin Marietta Astro Space 1994a). The resulting FASTs are
presented in Figure B-10, and are conditional upon having an inadvertent reentry for the
VVEJGA or VEEGA. For sequences resulting in a release of plutonium dioxide fuel (i.e., a
source term), the final event of release is shown in the form of a diamond. Conditional
probabilities for each oval are noted. Important features of the FASTs and their technical
bases are as follows:

Tumbling (as opposed to non-tumbling) of the GPHS module involves full

rotation or large oscillations about an axis. Non-tumbling involves the flight
orientation in which a side or face of the GPHS module remains more constant

even though there may be a slight wobble or flat spin. The branching
probabilities for tumbling (0.6) and non-tumbling (0.4) GPHS module are based
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on 6 degree-of-freedom (6 DOF) motion studies done for the Galileo VEEGA
inadvertent reentry conditions (Halliburton NUS 1994a). A preliminary 6 DOF

analyses for the VVEJGA reentry has confirmed the validity of the Galileo
results. For the reentry response, the non-tumbling cases have been analyzed
as module broadface stable motion. This is considered a conservative approach

in that any motion other than the broadface stable would result in lower
reentry heating fluxes.

The potential for ablation of the graphitic components (modules and GISs) due
to the reentry heating environment has been the focus of the VVEJGA
inadvertent reentry analyses performed to date. The response of intact GISs to
VVEJGA reentry conditions has been evaluated in a JPL-sponsored study
undertaken by NASA-Ames Research Center and Foils Engineering (Foils
Engineering 1993). The results indicated that for ablation due to reentry
heating only, GIS burn-through is predicted at reentry angles less than
15 degrees for stable (non-tumbling and non-spinning) GIS configuration. No
burn-through was predicted for the spinning GIS configuration, considered in
the JPL-sponsored study to have a much higher probability than the stable GIS
configuration. However, the probabilities assigned to branching fractions
associated with module and GIS failure are higher than that predicted due to
reentry heating only, in order to account for structural failures induced by
thermal and mechanical stresses under the severe force- and thermal-gradients

that would be experienced during the deceleration process to terminal velocity.
These types of failures would tend to be more probable under steep-reentry
angle conditions. The associated probability trends have been reflected in the
FASTs. Based on the best available information (i.e., ablation due to reentry

heating only), the increased probability associated with structural failure can be
considered to be conservative with respect to consideration of thermal heating

only. Structural analyses will be performed as part of the Final Safety Analysis
Report (FSAR)-related work.

The conditional probabilities for a VVEJGA shallow-angle reentry (P1), and

steep-angle reentry (P2), depend on the Earth-Gravity-Assist entry-angle
probability distribution given in Table B-2.

The conditional probabilities of impacting rock (Pr), soil (Ps), and water (Pw)
also presented in Table B-2 depend on the reentry latitude probability
distribution show in Figure B-4.

Table B-3 summarizes the inadvertent reentry fuel end state conditional probabilities. The
four fuel end states are correlated to the appropriate branching FAST in Figure B-IO.

B.2.2 Source Term Calculation

The source term calculations treat the modules independently except with respect

to steep and shallow reentry (i.e., all reenter at steep angles or all reenter at shallow
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angles). The expectation source term for each fuel end state is then determined as a

probability-weighted average over all 54 modules.

Table B-4 presents an outline for source term calculation based on four fuel end

states and the Earth surface impact conditional probabilities for both VVEJGA and VEEGA

inadvertent reentries.

B.2.3. Results of the Radioloqical Consequences Based on the Fuel End States

Given the inadvertent reentry type (i.e., shallow or steep), the reentry latitude, and

surface impact probabilities, radiological consequences were estimated for the fuel end

states. Tables B-5, B-6, and B-7 summarize the results of the specific source term

contributor (i.e., fuel end state) and the resulting radiological consequences for the

VVEJGA and VEEGA inadvertent reentries.
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APPENDIX C

ENVIRONMENTAL EFFECTS OF PLUTONIUM DIOXIDE

This appendix addresses the potential impacts from plutonium dioxide (PuO 2)
released to the environment, which could occur in any of the representative, low-
probability accident scenarios described in Section 4. The health and environmental risks
associated with plutonium (mainly Pu-238) dioxide were previously addressed in the
Galileo and Ulysses EISs (NASA 1989b, NASA 1990). This appendix briefly describes the
general physical and chemical characteristics, transport, and biological effects of plutonium
dioxide.

C.1 PHYSICAL AND CHEMICAL CHARACTERISTICS OF PLUTONIUM DIOXIDE

Plutonium is one of the most widely studied elements in terms of chemistry and
environmental behavior. Although its chemistry and oxidation states are quite diverse, the
element's environmental mobility is very limited (INSRP 1989a).

The extent and magnitude of potential environmental impacts caused by PuO 2
releases depend on the mobility and availability of PuO 2inthe environment. The mobility
and availability of PuO 2, in turn, are directly controlled by a number of physical and
chemical parameters, including particle size, potential for suspension, deposition and
resuspension, solubility, and oxidation state of any dissolved plutonium. These factors, in
conjunction with the three potential exposure pathways (i.e., direct external exposure from
ground-deposited material, ingestion, and inhalation), determine the potential impacts. Of
the three pathways, only the potential for direct exposure from ground-deposited material
or surface contact is not significant, because alpha radiation cannot pass through more
than a few inches of air.

The size of plutonium dioxide particles can affect the rate of dissolution in water
and the initial deposition and subsequent resuspension of particles in both air and water.
The dissolution and the suspension and resuspension potential ultimately control the

mobility and availability of PuO 2to plant and animal species including man. Generally
speaking, larger particles have less potential for suspension and resuspension; as the
particle size decreases, particles are more easily kept in suspension or resuspension.

A number of factors can affect the solubility of PuO 2 in water. Physiochemical
parameters most important to the solubility of PuO 2 are the reactive surface area and
oxidation state of plutonium and the water chemistry, including pH, reduction/oxidation
potential, and temperature. The mass to surface area ratios of particles affect reactivity
and solubility, with solubility being inversely related to particle size. The dissolution rate of
the plutonium dioxide fuel is very small, ranging from 1.2 to 90 pCi/m2/s (0.1 to
7.3 pg/m2/s) in seawater and freshwater, respectively, based upon the dissolution rate per

unit surface area of the fuel (NASA 1990, INSRP 1990). In general, PuO 2 is insoluble.

Chemically, PuO 2 is extremely resistant to dissolution, including dissolution in the

environment as well as in lung or digestive fluids of the human body. PuO 2is slowly
removed from environmental pathways by sedimentation processes, percolation into soil,
and other physical means.
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Clays, organics,and other anionic constituents tend to bind most of the PuO2
particles in the soil column. The bindingof PuO2would occur in the first few centimeters
of sediment, greatly reducingthe concentration of this constituent with depth. This
natural filtering of PuO2 would probablyreducethe concentrations in drinking water to
levels below the PrimaryDrinking Water Standardof 4 mrem/year(NASA 1990).

It is also possiblethat surfacewater runoff containing PuO2 could directly
contaminatedrinking water suppliesfrom surfacewater bodies,becausethis type of
contamination is greatest due to suspendedPuO2 particles and not from dissolvedPuO2.
Filteringthe surfacewater before chemicaltreatment would reducethe concentration of
total plutonium to very low levels (NASA 1990).

C.2 MODELSUSEDTO STUDYTRANSPORTAND EFFECTSOFPLUTONIUMDIOXIDE

PuO2, including its transport in the environment, its uptake in the humanbody by
ingestion or inhalation,and its fate following uptake, hasbeenstudied in great detail over
the last 50 years. Modelshave beendevelopedto determinethe radiation dose from
plutonium transport and uptake (e.g., NUS 1982, ICRP1977, ICRP1979, ICRP1990).
When developingthese pathway, dosimetry, and risk models,the following factors are
usually considered:

, PuO 2 enters the environment and a fraction of it is transported via air,
groundwater, surface water, or foodstuffs to humans. BecausePu-238 has a

relatively long radioactive half-life (an initial quantity of Pu-238 will decay to
50 percent in 87.75 years), only a small fraction of it will be removed from the
environment by radioactive decay.

. A quantity of the PuO 2 is inhaled or ingested and a fraction of it is transferred
to the bloodstream and then to organs within the human body, retained in the
lungs, or excreted. It is assumed for this analysis that other entry mechanisms
in the body, such as injection, are not significant.

. The plutonium that resides in certain organs, principally the lungs, liver, and
bone surfaces, is retained for a long period of time with a slow rate of
excretion.

, Alpha radiation, characteristic of Pu-238, irradiates nearby cells and cell
components, such as chromosomes, and a fraction of the cells are killed or

damaged. Most non-lethal damage is completely repairable by the cell.

. A very small fraction of the damaged cells survive, undergo defective repair,
mutate, and, may after many years delay, produce significant detrimental
effects in humans, including cancer and genetic abnormalities. This fraction is
the basis for the associated health risks discussed in the following sections.

Due to the extremely small amount of plutonium transported to and accumulated in
the human body from exposure to a release from a postulated Cassini accident and the
stochastic (random) nature of the detrimental effects produced in irradiated cells, it is not
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possible to accurately predict the long-term effects to any one individual exposed during

the postulated accident. However, it is possible to use the risk estimates experienced in a

large exposed population to provide an estimate of the average risk to an individual

(National Research Council 1988, National Research Council 1990). Detrimental effects,

such as an increased rate of cancer, may possibly be predicted for a very large population,

on the order of several millions of exposed individuals. From such estimates the average

risk to a member of that population may also be calculated.

Dose equivalents to critical organs and tissues for all members of the general public

exposed to the worst case postulated accident during the Cassini mission would be many

orders of magnitude below those that produce acute effects, such as "radiation sickness,"

and even subtle acute effects, such as changes in blood chemistry, should not be

detectable.

C.3 TRANSPORT OF PLUTONIUM DIOXIDE IN THE ENVIRONMENT

The transport mechanisms and pathways of any accidental releases of PuO 2 in the

environment will depend on the mission phase and the subsequent environment in which

the release occurs. For example, if the accident occurs near the launch pad, the

concentrated release would primarily result in the formation of larger, more

environmentally inert particles that would be deposited in a relatively small area within a

short period of time. Conversely, should the release occur during the short-term reentry

scenario, a widely dispersed cloud of smaller particles would gradually fall to Earth over a

much larger area in much lower concentrations.

Because PuO 2 is so insoluble, the movement through the environment depends on

physical processes. PuO 2 may be carried into the soil by a number of routes, including

percolation of rainfall and subsequent leaching of particles into the soil, animal burrowing

activity, and plowing or other disturbance of the soil by humans. Migration of the PuO 2

particles into the soil column is of concern, primarily because of the potential for PuO 2 to

reach groundwater aquifers used as drinking water supplies. Once deposited on soil,

however, PuO 2 appears to be extremely stable. Soil profile studies have shown that

generally more than 95 percent of the PuO 2 from nuclear weapons fallout remained in the

top 5 cm (2 in.) of surface soil (in undisturbed areas) for 10 to 20 years following

deposition (DOE 1987b).

In the unlikely event of an accident, PuO 2 would be taken up in the human body

primarily via inhalation with ingestion of contaminated water and foodstuffs as a

secondary means. These pathways and the generalized behavior of Pu-238 in the

environment are described in the literature (e.g., Aarkrog 1977, Anspaugh et al. 1975,

Pinder and Doswell 1985, Pinder et al. 1987, Yang and Nelson 1984).

In general, PuO 2 is insoluble and is poorly transported in aquatic, marine, and

terrestrial environments. Most forms of plutonium, including PuO 2, are removed from

biological pathways by processes such as sedimentation and fixation in soil. Only small

amounts of material are concentrated by biological accumulation into most seafood,

grazing animals, and other food products.
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In marine and aquatic systems, larger particles will quickly settle to the bottom
sediments; smaller silt-size particles may remain in suspension within the water column
indefinitely. Smaller particles may not even break the water surface (due to surface
tension), forming a thin layer on the water surface and subsequently transported to the
shoreline by wind and wave action. Resuspension of smaller particles from the bottom
can occur due to physical disturbance of the sediments by wave action and recreational
use of the water bodies (e.g., swimming, boating, and fishing), as well as by the feeding

activity of various marine and aquatic species. Particles of PuO 2, as a component of the
bottom sediments, may also be transported toward and along the shoreline by wave action
and currents in near-shore environments (NASA 1990).

PuO 2 entering into a water/sediment system would be preferentially taken out of
solution and bound in saturated sediments in amounts on the order of 100,000 times

greater than the amounts that would remain in the associated water column (NASA 1990).

Studies have indicated that the bioaccumulation in marine organisms can range
from 2 to 3,000, depending on the type and density of seafood impacted (e.g., freshwater
fish, saltwater fish, mollusca), the amount of radioactive material released, and the
deposition area.

Parameters used for estimating the uptake from harvesting and consumption of
agricultural products have been measured (Baes et al. 1984, Rupp 1980, Yang and Nelson
1984). These and similar agricultural and food consumption parameters and plutonium

ingestion parameters (ICRP 1979) are used as the basis for estimating human doses via
ingestion. For example, an analysis of Pu-238 contamination of orange trees shows that a
total of only 1 percent of the plutonium intercepting the plants would be transported from
field to market during the following 12 months of harvesting (Pinder et al. 1987). Most of
this plutonium would adhere to the fruit's peel and would be removed prior to ingestion;
uptake to the orange itself would be extremely small or nonexistent.

C.4 TRANSPORT AND DEPOSITION OF PLUTONIUM DIOXIDE IN THE HUMAN BODY

Plutonium dioxide that enters the human body by ingestion or inhalation has many

possible fates, all of which have been studied in detail (ICRP 1979, ICRP 1986). The
inhalation route is found to be approximately 1,000 times as effective as ingestion in
transporting plutonium to the blood, due to the short time of residency, the chemical
properties of plutonium, and the physiological environment of the GI (gastro-intestinal)
tract (ICRP 1979).

Ingested plutonium dioxide will quickly pass through the digestive system and be
excreted with only a small quantity being absorbed via the mucosa into the blood stream.
The fractional absorption of PuO 2 is estimated to average about 10 -5 (i.e., about 1 part in
100,000ingested would be absorbed) (ICRP 1979, ICRP 1986). The fractional absorption

is based on the average individual. PuO 2 in the environment could become more soluble
with time due to the use of fertilizers in gardening, chlorination in drinking water, and
soluble forms in seawater. Dietary and physiological factors, such as fasting, may
increase or decrease the fractional absorption.
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Inhaledplutonium dioxide is transported to one or more portions of the respiratory
system dependingon the particle size. Generally,most particles larger than 5 micrometers
are intercepted in the nasopharyngealregionand either expelledor swallowed to pass
through the digestive tract; what is not absorbed,is then excreted. Particlessmaller than
about 5 micrometersare transportedto and remain in the trachea, bronchi, or deeplung
regions. Particlesreachingthe deep lung areclearedfrom the body much moreslowly
than those not entering the lung. For example, 1.4-micrometerparticles are typically
clearedfrom the lung at the rate of 40 percent in the first day and the remaining60
percent are clearedin 500 days (ICRP1979). Particlescapturedin the mucous lining of
the upper respiratorytract are moved more rapidly to the pharynx, where they are
swallowed. Onceswallowed, they behaveas if ingested.

Plutoniumdioxide remaining in the lung will continuously irradiate lung tissue, and a
small fraction will be transportedover time directly to the blood or to lymph nodes and
then to the blood. The fraction of plutonium transferred directly from lung tissues to the
blood is believedto be about 1 percent of the amount retainedin the lungs, dependingon
the sizedistribution of ultra-fine particles. Smallerparticles are likely to form over time
from largerparticlesdue to the natural fragmentation processesassociatedwith
radioactivedecay and may also be transferred to the blood. Approximately 15 percent of
the plutonium initially deposited in the lungswill be transferredto the lymph nodes, and up
to 90 percent will eventually be transferredto the blood (ICRP1986).

OncePuO2 hasenteredthe blood via ingestion or inhalation, it circulates and is
deposited primarily in the liver and skeletal system. It is currently acceptedthat plutonium
transported by the blood is distributed to the following organs: 45 percent in the liver, 45
percent in the skeletalsystem, 0.035 percent in testes in males,and 0.011 percent in
ovaries in femaleswith a non-measurableamount crossingthe placentaof pregnant
women and entering the fetus. The remaining10 percent of the activity in the blood is
excreted through the kidneys and colon or depositedin other tissues (ICRP1979, ICRP
1986).

The residenttimes in the liver, skeletalsystem, and gonadsare quite long. Current
estimates for 50 percent removaltimes for plutonium are20 years for the liver, 50 years
for the skeleton, and an infinite retentiontime for the gonads.

C.5 CANCERINDUCTIONAND GENETICEFFECTS

Severalpossibleoutcomes to the ejectionof an alphaparticle from a decaying
Pu-238 nucleusmay occur to a nearbycell:

1. The alphaparticle entirely missesthe cell and has no damagingeffect.

, The alpha particle strikes the cell but does not strike critical components
within the cell, and the cell survives.

, The alpha particle strikes a critical component of the cell and quickly kills it.
The same may be true of striking and chemically changing water molecules,
which act to damage critical cell structures.
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. The alpha particle or reaction products strike a portion of a chromosome within
the cell, modifying the chromosome but not killing the cell. Most chromosome
damage is correctly repaired, but a small fraction is incorrectly repaired (a
mutation).

Generally, the last outcome, which has an extremely low probability of occurrence,
is the most potentially harmful. This process may lead to the induction of cancer or
genetic effects, which may be passed on to offspring (ICRP 1990). Damage may occur at
any time following large uptakes of plutonium, and the detrimental effects may occur
immediately or be delayed years after the initiating event in cell DNA. Because of the very
small amount of activity ingested or inhaled by the average exposed individual and
transported to internal tissues where effects may occur, however, the probability of this
outcome for all accident scenarios is exceedingly small.
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APPENDIX D

RESPONSES TO PUBLIC REVIEW COMMENTS

The U.S. Environmental Protection Agency (EPA) published a Notice of Availability

for the Cassini mission Draft Environmental Impact Statement (DEIS) in the Federal

Register on October 21, 1994. The public review and comment period closed on

December 20, 1994. Timely comments were received from organizations and individuals

listed in Table D-1.

Where no extension of the comment period was requested or otherwise authorized

by NASA, untimely comments were considered if received before March 3, 1995 (see

Table D-2). As of March 3, 1995, 25 letters were received after the comment period

closed, and are included in this Appendix.

This Appendix provides specific responses to the comments received from the

individuals and organizations listed in Tables D-1 and D-2. Copies of the comment letters

are presented in the following pages. The relevant issues in each comment letter are

marked and numbered for identification along with the National Aeronautics and Space

Administration's (NASA's) response to each issue. Where changes in the text were

appropriate, such changes were noted in the comment response.

The majority of the public comments received raised the following issues on the

Environmental Impact Statement (EIS):

• the use of plutonium in space

• the status of solar technology for deep space missions

• the properties of plutonium

• the radiological consequence and risk analyses.

Information on these topics may be obtained in the following sections of the EIS:

The use of plutonium in space--Section 2.2.4 of the EIS describes the plutonium-

containing radioisotope thermoelectric generators (RTGs) and radioisotope heater units

(RHUs) in detail, including the testing and verification data to ensure containment of the

plutonium dioxide fuel under most accident environments. In addition, Section 2.6.3.1

compares the physical properties and the attendant production requirements of alternative

radioisotopes to plutonium-238. Section 2.6.3.2 discusses the limitations of the potential

alternative conversion technologies to the thermoelectric converter used on the RTGs that

would potentially result in the use of less plutonium.

The status of solar technoloqv for deep space mission--Section 2.6.3.4 discusses the level

of development of solar technology and the various solar design options that were

evaluated for the Cassini mission.
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The properties of plutonium--Appendix C of the EIS briefly describes the properties of
plutonium-238 and the environmental effects of plutonium dioxide used in the RTGs and
RHUs.

The radiolo.qical consequences and risk analysis--Section 4.1.5 of the EIS presents: the
radiological consequence methodologies, the postulated accident scenarios and the

associated probabilities of their occurrence, and the potential source terms. The potential
radiological consequences from postulated accidents are described in Sections 4.1.6.2 and

4.2.6 in two ways: the land areas that could be contaminated above the EPA screening
level of 7.4 x 10 3 Bq/m 2 (0.2/JCi/m2), and health effects (excess latent cancer fatalities).
The risk analyses for the mission are presented in Sections 4.1.8 and 4.2.8 from three

perspectives: contribution by mission phase/scenario to mission risk (expressed as health
effects mission risk); average individual risks; and the risk to the maximum exposed
individual.

D-2



c"

O_

E
E
0

(D

_D

n

7D

>

n_
c"

O9
ew
0

Z
W

0

0

tl

0

(.9
Z

i

6
W
--I

en

I-

C

0

N

C

6

E
o

4--
o

r7

0

o _ o
0 0 ._ 0

o
• -- 0 "0

0 (.0 _ (D r

(D 0 0 0 0 _D _D 0 (D

O N N N _ N N n N 17 • N _ N

.-- _ ILl _" "-- "'_'

o o o o _n- _ _ ca _ 0

o tm _ _ 0 co rj _ _0

0 > > r- > _,_, _ > >

.-- _ , .-- •.... _- , :-_ __ __ , .-- .;--

--_ o_ nr- o r7
o (.3

(D _- t-

r-" "0

LO O_
-_. -_. _ _,._. -..__
(_1 ('NI _ C",I CN (N

..o

E
D

Z

(D

O

L.)

_'N ('0 '_" I..O l,.O P", _O 0") O _ ¢'-1 CO

D-3



A
70

-S

f-
O
o

n-
O

Z
ILl

o
O

14.
o

Z

_J

w

OO

£D
+_

E
E
o

r-

_D
_D

r_

_D

-(D
C

O

N

_0

CD

o

E
E
o
(J

<-_

1"7

O Or) _-

n_ _ C_ _ _ "-

c I rr c _ c_ 7

c r7 7 _'z uJ

..c:

,__ _- _ _ _ _.

0 _,) I_ _ _ _'_ N
o_ .N _ ._ _ N

._ -- ._ .--

= c ® 8 O

e .> _- _- ._> ._
g_ o_0 "_ _

•z E r o
-- (.3

7 E
_G

o _- -o
0 _ .__

E o
o

_ _t" _t" _t" _" _t" _t"

000

E

Z

t.-

E
E
o

0

_ _ (_0 0'_ 0 _
,.- ,-- _ _ _ ('_ _

D-4



W

"I"
F-
I.I-

0

0
..J

o

iii

LI.

(.9

_mo
oO

O. O.
(/)

_0
ZO
W

OD
Om.

0

Z

.-J

I.--

r-

E

o

r--

c-

h,_

n

D

>

f-

f-
0

N

r

0

E
E
0

L)

C3

__y (N (N (N If) (.0 (D CO

0") 0") 0") 0") LO CO CO
_, _- OD OD OD00 O _ ,-- _- _- --_

(N (N (N CY ,-- _-- ,--

E

z

E

E
E
0

CO ,_" If) ¢.D r-- co o_ O
c,,i ¢N cN o.1 (N cN ow cO

•-- cN co _ L_ {.O P'-
CO CO CO O') CO CO CO

D-5



U.

0
IJ.I

¢/)
0
.-I
0

I.U

I--

Z'_

Z_
O_
0. r_

W --

_n

u.D

I---r

6
i11
,.J

I-

C

E
E
O

C

13_

221

r-

r-
O

N

O

E
E
O

C3

f" t'-

._ r- E
c r_

X _ _ - _" o
_ N 0

--> _ -6 c c
0 n" u_ -r _ o _ m c "_

r- 0 .-- --
0

cc _

0

o

N N _ N _ .c_
'_ _ _ *"' _ "_ ,_- "_ ._- _ m

O o o o o 0 o 0 o c

> > > > > _ .__ _ > _
.... __ .-- "U_ D C3

UA

O

if-

E
D

z

E

CO CO ,_" _ '_" _I" _ _ _ '_"

D-6



o
.,,m

7

0
0
t_

CO o

i-a-

Z ,-
uJ o

(.9

_0"_ _
_J "2. 0

z ,-r ,_
o _

6

E
ID

E
E
0

•"_ >

=rn_
C
m e4_,

_.__
"_I--

_._E_
O.

g_o

_'- e_

_m.- f-

EtE .-

_ ._..e _

_o_

o___:o

__ _

iJ+

i

l l!i

I

_ U t7

I 1 I I

+

I

i

'i
)I

) I r

+iti
oI+___-III_t

tlI_I

m_

;::3

,-.,!

O3

n:l
"ID

E

_=

0

ii

LO

C m
_.d

,-I

o-s
<',,I

1,4

0

D-7



0-_



0

"3

to
03

i,-n

Z ',..-
LL.I 0

_o8._._

z ,-r ,._

if) ,,--

E

E
E
0

c _'__

_-_ _j
r" _ 0 (_

,_,_ _ _

Zo_

N×

_ _<._
g,)

_ _"

ol

0_

m
-_-_o

e_o

__ _
.__;g

e- r'--

; __

0

¢1
O_

el.

tO '1"

I I I



E
E
0

D-IO



0

o

09

Z
L,U 0

o._ _;_

z ,-r a3

U.I •
n" 0

Z

c-

E
E
0

D-11



(D

U)

--)

(D

I--S-

Z
I.U 0

0(-9 c-

O (...) . ._

m 5L _.--

i_ltl "_ 0J °.r- oL}
_ O _

z_a3
o _

@) ,,--

E
E
E
O

C 'r- .--

.... (_

{- >.

o

_o 0'_ o

_ _._

_:oOo
.lD "-- u_-

CD

Im
r.,D

_-I ID

D"*_
•,_ (_

0.,0

0"_

_A
_ m

_ C

O,._

_ m

4J -,-t

_'_
r_ .,-I

C O

(/1

_1, I1) 'D
14

D-12



to
._

-=_

I--_
Z ,-.

o

o.__g_
o_

ifJ O _

z ,--r_3
o _
PI °'

ffl'-

Z

E

E
E
O

O

(O

@

Z

'2-,

_2

O '"

_o_
__ _-_

_ _._

_ _" _ _ _'_o _ o

_,_'_ __ _ . _ .

_ _ o _ _ _ _ ii_ ' _

D-13



-I

I--O-

Z
Ill 0

28 ,_._
•_- _8

z ,--ra3
n -.

C

E
E
0

Q
o

©

.- _ _._,_,!__

•_ ._
,_ _ o

_._ ._

_ _ •

._ _ • _=

• _ _ ._

o _ _'

D-14



(1)
o

--)

R)
(.3
r0

CO

Z
I,.u o

o'_ g_

o3
_- ,.;_
_-g., o

":- ¢o(.)

z ,-r a3
o
i'l ..

I_ •
rro

Z

5
r-

E
E
o

(O

"_'-_------"---F." _ Nr.W._t:X,CO'Sr _
--s ' LEADING . '"" - . _ ,,

A  BUOUERQLJE  OUi NAL
D-18



O0 o

z

o

o_

LU

0_6
Zz
o
O_ 0

Ill C

fr ®
E
E
0

.__m

"gS
0 t-

_: E._

_-gP,
__ _

,.0

_(.I >

• r'- e-- C

oE
_ -_._

0 e- _ _'-

m 0 m

R_=':
Oci-- >,,_-_

o_ff" • _
_- o

.___ ,_
_._ _ ._
_._._ 04 '-_&Ec

r-

o _:F: Z)

_._ __

_: > _

6

o ,_

0
U
0

,..,
4-1

0
u_

40

O_
E_

40

4J

,-_ ®ro ,.._ _ ._ ®_
D _ • _0_ _0

=. ,,_ o_
0 _ C • ,_ ',_ -,_

._ • _ _"._ " I_ -,,_

" ®<_ "_ _'_

. 0 m

m

I I

D-16

@

,.C
0
_j

0

@

0
0



Z
W

0
o

0
I--
09
W

09

z
0

09

f:

&
c-
O,.

0

0

I

C9

6
z

0

E
E
0
0

o

o=

E_

0 m
C --

o_
C

0

t--

r" ,+-
0

S_
r- C
o 0

So

r

u_- ID

E

S
S
if?

-6 c
C --

*."oE

m-_>_- _ E _-

E m ._c =

0

"_ o o'U,_ _

-_._ E

-c 7= e r_5

n,

u

>.o
< .,_ u'1

_-4

o

%:>,_ ."....=
c_ *"_ :_ _ .,,-I

0 _ _I :>_..._

C,_.. e-

D-17



D-18



"10

0

o

0

m; _':o
Z m . r - _

_o m_g

0_._2 _

o _._- ,c o _.=

Og _

OZ .- 0
{:L _ E _.--
030 0 °-®_'S

E >..- _ _
E _ -o 5
0 E _ _ .-

(D o _--

m

C

o_o °
t- E c" _.

"_3 "_ c" 0

to _ 0 O-o E c

0

r- m'_
.._ +"* Q) _

t- _1 0 0,, _ :

O. o,- O "

r- 0_

OLU-O E ; C_

._c .c n o .__ o
,,., 0 0 ,,_ c"

"0 _ _ (,9 (-

Buj _ _ e-5

•- >_ m_

D-19



r_
r"

Q.

Z m
uJ 0

o

0 ._-
_---r E

WCO_

z4
oz

E
E
0

_ 9

•_. _ r" .,,_

E_--_ _.5

e" 0 r_lO
0 _ o _ _

r

a. o. __ -_

_ °-_ _

3
o ,._ _.

_0 = ._ "_

0 r" _ m

'_ o

g_ ¢_ o _--_ _

D-20



d
t-

t.U 0

0
o-_
o_
l.--r

U,J09
09

zo
OZ
r, _.
09 0

E
E
0

o

0

0

I= +.,o

_ 0

_ "_'--

,.,..

,nE_

• -- ffl

.__.g_

• r- ._ p.

E -_E
E _E g
E _ o'_0 ('3 _

o g_S

_ m

N

D-21

u_ _00



d

O_

I-
z_
ILl

:_o

0 "o

o _.__
_--r, E
r,_ .. 0
uJ CO r,O

zo
oz

CO 0
I.U *"

E
E
0

u

E

D-22



D-23



,4

O.

p__r,
I.tl 0

o

o S.s

_ .. 0

uJ CO £.)

Z o
OZ

_ 0

E
E
0

U

"0

"5
0

o

<
o
o

¢-
0

"5

¢-

h,_

<
z-_

_-E_
0 Q)

o _ I/)

.__ .__ -_

>._ _

_ _i _,.

o_,_"6
-oo_
o_,_o_

6

6_6

'_ _ .--

_ £x:'-

f" ¢_ e-

D-24

m

121

,,1:

,-4

_ O_

_rn_ E



03
I--

o
(D

0
I--

uJ
0'3
Z
0

E
if)

6
(/)

o
(Z3

6
Z

o

E
E
o

U

(N

ID ,l_-i

E El

O "-I

o Ol
*" UI

o _1

L_

_ m

--] I

- I'll,'i"tVl"td'l'/"_fl'l'_l l": _ _ ,_

_ _- ,

_._ _ , , t \

,:',,.J)

D25



D-26



CD

O

03 -j

LU R3

:s
od
O >.

U3T
LU

CO ,-
Z _

0'3
LU

_-£
c"
1#

E
E
O

(D

4
Ii

E
E
C

C

.c

#:

C,,I

E
E
O

L.)

IC
O

ID
03

(',.i

I

2

A

8

;q

8,,
T,="

= #'8 _du,,_l

r_
"_ 0

_ o_-<_

=,

¢

#_

,'_ I=

_,_- o

--_,.CL

< en 0

t t _

_: =8, o 8'_
_ _ o

. .... 2. @ ,_,_=_

._-, i.a (_ _..i i_ o. .._ I,,. o

_r_4- 0 0 L.

o m 14-

,)

A

-4,

b

; -6

3= t.q C_

D-27



.,E

O

I-'-m
Z
,,,--5
:_"o

o

o

(nz
z ,....
o£
6. C
(./') ¢,

_E
E
O

'O

(D

o

o=

1.40"

1"4 _ 0"

-p

0"_

-_

0

C
o _

_ ® ',0

o o

_1 1.413
• I_ _1

_0 _I_

_1,,_ _J_ 1.4

<
_D

f

_,,-_ _ _

0 .r..104 "_

O _ _1_._ _._

_, _ ._

0 _00,._

D-28



c'

0

I,-m

Z
,,,._

0 D

0 c

Z _

oS

O

i
_4

E
03

E
E
0
£3

0

0
t_
_o

0

. t-

O ...+ _

_',,_ C

"_ m C
_- _ O

mc_
_ .£ w

D O _

_ C

_ fl 0

._g.__._

r" _

o

4-'

O

O

.M
O
O
e--t

C

Of'.4

zfl
_m

I..+ o _

_oo

r4

• .4 I_ -I.._

oe.,o

N _

• r't .al

..O._

010 .H

.C ,_ .C

D-29

o

o_
o

c_ 1::;

_4
_+_

0

I.+

O_-.+

%_,.o

IlJ _ IlJ

g

g
o

o



0

l-.rn

0 ..._-
t--_E

Zo_

u_E
a: E

o

III

_o_

o

a

ip

;; = o :_.

• ,,_ _.,

IO

• 0



..c

o

F--m
Z
uJ

(--J

C) .. ,_

Z
o_
0.. r-

E
_E

o

_Z

o

o
._._

,a_lD
4_r_

,,,,,I

• m

o

D-37



C_
0

_--OD

Z

U
0 ..

Z

o o
O_ r-

wE
o- E

0

QO_

I_ ox

00_

...-t o •

o
.-4

r_
o •

°,-i o

r_ _._ __
0 O0

_ 0
® _o _4 _

t_% •
_I._ _ _

• _-I _ _ _ _I

o
o

N

o

+_ .

_ox
_Iox

,o

•_ 0
m

%
o

D-32



01-O

L)

o&:

_Z
l,..I.J

Z*-'

_E
rr' 0

0

F "-¸ _..-

_.j _4

u' • [_ ...4

V'-

,,3

£,

4",L.

L...

4
0'4

E

0

L)

o
C.

c"

O3

£

(.P

t E
E
0

L)

(/}

0
C_.

CO

(,,)
rn r',.,

4: r',-
r,-

F_.------_

r,j',x
•0 %£,,

,._ C..... '_., ,_ ,,.._

_---- __-,-__.._ _ _._
',4"

D-33

k.



09..Q

:_EA
0<"o

0 t.,, ,--
F'- • '_

o_

z

o_
_E
wE
n,,- o

(.J

c4_

<.,
%

c..j
(.,._

%
D-34



O9

I--

Z

0

0

O9

Z

0

bO

rr

w

rr"

n

C
0

to

w_

_ r

oo

6
z

C
0

E
E
0

o

(N '_f

E _ E _l
E __1 E __1
0 _ 0 icI

('-J r"l ('-) _1

o _i o _14..-' u1 uI

ol _ OI

m _ r'q

#1 _ _'1

.Ouj

Z<<

_, -.ro
z_> 0

rc_ 0

_-,_ z
u_-_ 0

__ _ o
no,C

O_ L.IJ _ 0
W<rn

trl_J •D__O

o._z - _ _ _

mOff)_ e4 •"c I1_

_o.9 o=

rr_ _o0 _o
._ O_

<
co

r.

o =

,So

,_ .

o_ _._
._,

_ ;_.o
.o_ _ _,_
-._ _,

._ 6 _ ._

_ &, o o.,., -o_,

no u
o3 oo

I L
] I_ F----I

..
.-i

In ,,4 .-o

.o _ _

• r.i ,-t

_'-J mo o
- ,,'4 0 l.J

1

,, _ _,_

D-35

t7

"o

o

n
W

rr

03

c"

r,

c

0
"13

(.9



0

o,_
C3

CO
Z o
oE

0
0

o 0_
_E
_E

oo
o

0J
"13 m
t- C
co 0

_g

E_

m o

o --

._ o
o. __
o •

0-36



o

o

z_
IJJ ,_,-

OUm

Z u-
O ..

D-O
Or),_.
uJ

_8
z

E

E
E
O

u

o<i
T--

E

!
o

o

t_ _.l _D

E _ E I E
E _ E E
O _I O i O

u _-i o ! o_', O

03 _l CD CD

r- _, E t-

O 031 O O

10_ ta[ 03 a_

03 _ i &O

.r-

E

E
E
O

o

o
(D

O

{3

0_

rr

@

o

E
0

o
0

E

E
,w

r--

D
t-
O
O

D

o

D

E
o

O3

o_

E

E

=>
_J

24

S

n-

o

0

8

0

o

-=
o

,rr.

o

,.,,,



0

0

-3

t-,, ,,_

z_,

0 m

°__
0

Z
Oe0

rr

,5
z

E
E
E
0

U

A

$

9

g:

j

"t.

<

I
I

m "

_ 4_ _ _ 4_ 4._

_ o_ _ ,"100 "
0 _ 0

_,fJ .,, ,_._

o_ _o _,
oO_ o o-I.}

o.,._ _

.- .o,.

T
i I

=_'._.,,
-_ _ o _

_ % ,--t

_ _ • _ _

_g_._

0-38

o

I)

io,

,..., _
o

_._
o _
4_

.,__ @

g

t



_E

Z:=

O _

O TM

1-

006
wZ

Z o

oE
f_ Q

_E
n'E

O

U

o

c-
o
_D.

(D
Q
c/]

I3,

o_
..,,._ .O
O

"_ O

®'-

<E

IT ZO

E
E
0

(..)

0

¢-

_, o

f: °

C_I ¢'4

D-39



C

,z,,5

o._
u_
o_
I--

Zo
oz
m_
nr c

E
E
0

r

6

E

(...I

0

n"

E

E
E
0

(0

o

0

m

0
_" Q- x

-_._

m._ _

"_

(D

,. __ _,__

_ E

_EE
0

_ o
f.-

0

t- u_

o _

n _ if)

i I
t

: "i
1

D-40



09I--

o
(D

0
I,-

(,/3

Z

2

0
',3
,,,.-

,_1

==
,<

4:

CD

E
E
0

(,..,)

c'"

T

I
i

I
I
i
[.

o

T--

E

E
E
0

(.3

0
.i-,

(D
t.n
c-
O

E

E
E
O

O

fD

t-
o
13.

if)

%

%

"N

L._I,

" X

¢__.-

"_4

4
k'M

,%

<'N

<

-%

'd

,2

%.

¢.%

-%

NI

^

::_

I
i

c _

., ,

" ,1.4

t_l

',31

I%)

i

\ I

[I-41

7

%

/

_f
%



0

uo

u_'6
_c

c.} o off..

OZ_

0
0

i

_C

I

D-42



>

o
0

_0

I-- o
Z ,'_

0

o o_
_ _._

E

W_
n" C

E
E
0

U

C

E

(J

<o
Z m

5_E

m o

0 o.1_

w 0 r"

__ _



>..

0

O0 •
I-- C_

z_._U.I

O_o_
L)._ r:" _

o_ _._

Zo___

rr r

E
E
0

._'p,

.1_ r"

.-_ 0

_.__

m ._ 0

ffl

gg_

_ ._
0 .'_--

-!
z

_.._
._._

C3

_._ _

__ _

_ ___.

_ ._._
__

_ _

D-44



>.

0
0

O0

td) (n
l-- 0

0 o

O0 _ c- v
Z

L_

O" C
(1)

E
E
0

(.9

o_
t-4

('9

0
.,-4

0
-.-I
,-4

h

r_ r_

r_ 0}

EO
(II .r4

,_ 0
0")}40

-,-4 (:_ 0

'13 ",-I
$4_q4
_0

OU Or--O

:E U 0 r.)

d

E

,<

o

Oc'_
.rt
4-}

.
_U
l:l •
OC_

,---I 1.)

O-H

0

0

0

0
IJ

0 _

IN Cl

h _ _ (]Jn3

_ o

IA .,.. I

_.5 o_

_J

{,9 v O 0

0

__o_moJr-4 ._ •
o o_,._ _ _
_ _u.,-_ o _

_-_ _

t-I
,< m

D-45



>.

o
o
01

>._
0 0 o-o

t.3 -._ t_ D°

er C
ID

E
E
o

(..)

|

11

D-46



L_
0

O0

03

:5oo- 8

_Oo_

_-ro

UA

n- r-

E

E
0

,1

u

e

_o 0 h 0._,_ .-_ 0,._

_ _ _o
_o_ _o_

,-_oe _._ m_

_ 0
_._ 0___ _ _

;>, 0 ,-1 r_

E. a ooo

_'_ O_ 0 m I:I 0 '-I
0

_'_"_ _ 0 _, -_

._ _ 0_0 g -0

' O_ '_0-_

,_ 0 -q
_-rt M .H-,-t (_

__ X o _"

•_ m e '_

m _ mm

,_ _ ",_

_ 0

_ O.,q 0

- _j

_0 _) O__. o

.,-_ _ _ -,_ _ _ .C

oooo

D-47

0

el

o

-,-'1

,-_
0

_ 0

_4



c_
0
O3

CO
i-- o

Ooe_

F- _

_ c_g- 8
Z

ill

rr r-

E
E
0

U

|

3
0 ",_ "CI

._ _

• ,.-I _

1..1 0 •

_n.U

,4

,al _ ..3'

o_._J -,--t

._ _-_

_ 0 "IJ ,-.._
_0

-,4 0
E_J
EU
0

o

_-,_ rd
I:11 _ 0

_m

_._ =
_"0

ID
Ct,

0

-H
_)
0
n.

QI

0
)-i

-,4

P

IJ
IJ

D-48



0

(.)
0
GO

O0

z_..gILl

Oo_
(D._ r_" _

o_. _._
"" _ 0m-rc)

r.
Zo_

frc

E
E
0

_8



>.

,g
0

O0

0 o

OD"- E

zo_
LLJ

n" E

E
E
0

u

,IJ 0 '13

_._._ _ .

i_°__ _,_o,_o
-,4

I o._ _.s?

@

.,-I QI

-,4 U

,.C :_ 0
_J 0 R

D-50



0

O9

CO o0

5a_

0 o

_ c4_ g,
Zo_

rr _

E
E
0

_ o_o_ _
_ r_ 0

0 • _>

•_ A:l
_ 0 _

_ _ _ _ o

"" _ "_ _ 2

D-51



0
0

U)

{.,3
I-- 0

_3... o

o o_(D',_

o_ _

Or)'" c" v
zo_
uJ
o" C

0_

E
E
0

# o_ -_ o _

h 0 _

_ _, o_
.._o _ _

_ d . ._ o

o

-,4 _ O_ 03 _0_ _ _

0 "_ 00 .o ,,_

U 0 ,_

o ° _ _ _ o

_ _ .,d _ _ _ 0
_I 0 o_ ._ _ ._ 0

0 _ 1::: > r_

0

q-I

_ 0

0 _ _ .

0 _ 0 _,

• _ _

0 O

0 ,-_ ® _ _ .El
u,4 ,-,4 _)

0

-_ ,:. __ _

$t ,-4 _

0 ' h -_
04 n _ O O i_

0

D-52



o
0

O0 0
I-- o

Oo_

o
_ c"

n" C

E
E
0

D-53

-,_ ._ _ _J

• x_

_ _ 0

N _ _4

m _
0

• .4 ¢_ D

D_ 0 _ _ r_

_ m 0

_o 'I_ ® --

0 _, 0 "_

0 • ._
¢-I _-I ..' q_

r_ tn H
0 -,q

0 _ _ QJ

_ m 0



>

o
O'3

0 o _'_

k- ..=

to "- c
Z

¢,r r-

E

E
o

L)

•,-4 1..1
>., -,.4

0

•,-t .._
m In,

0

_ .,4

_ '_ o

-_ 0

0
_, _: ,, o_J

_ 0
N _ 0 -,4
-,4 0 "_ "4

1.1
o
C
C

0

.0

.o

_ 1,4

0 >._

0 m

_ -

.,4

M

UI gl
C ®

m

o

C

¢..

_ --_

g-t
.,-t

0

t_ o 0

0 ,-4 _

0 1.1 _-i

0

0 _

_ -_ _
_ .,-4 o

"_, _
l-J -,-t

°,-t

_ ._ _ _

'lJ

•'_ _._ =

0 _
r,. - _ 0

0 > _ "_

D-54

.,.4 0 _

0 _ _ _ m -_0

_ o_._ _ _ _
•,_ _ _ -,_

o _ _ _ o _

= _o _._ o

_ '_,_ _ , _ =

0 _ 0 _
0 -_

• -_

[_ _ _ _j -,_

> E _ _ 0 0

o _ _ = _ o



>.

(o
0

GO

I--" o

0 o

I"-

Or_ _"" c v

w
rr c"

Q)

E
E
0

o

>.,
Q;

.IJ

r_

N
_ _J

I_ 0 -,-_

_ 0
m _

0

0 DI

0 _

"_. _

_ _ • 0

D-55



>.

o
o

GO
O0 _D

_c_- 5

0 o
0'_ er"

t-- .-_

n- r-
iD

E
E
o

U

o
o,i

f-I

)4

o o

O_

O
• I.4 GI

._,_
_Z

D56

e_

0

0

0



0

O90_

o o

o_ _,_
I-- --

n,- e-

E
E
0
U

ul
Z

0

I1/

O_
O_

D-57

0 0



>.

(J
o

U3

O9

0 orr _

o_ _

E
E
0

m
m

0

to
,,.)
1=m

D58

(4
I-I

W
W

D

0

m

@



0
CO

0 0 _'0

F-- _'=

r-
Z

17" r-

E

E
0

0

m

0
r,.)_

m
40 ,,.4 •

U .,,-t .C 0 _ _1 .,.I u

Ov_IO .,,-I _- _ _-_ .

0 "_ ,-4

0-,-_ ,-_ '0 k_ _ _ 0 _ W _J _ _l _-...I

-,-4 • _-_ 4-) _rO _ k_ • .IJ._

"_ --4 _ :>_ U__U _U 0 .,.-I

D-59



u
o

(./)

I- o

0 o

o_._

c-
Z

n," r-

E

E
o

0

_DW I:

LO0

W O¢)m •

_t_ _?._

,-tr_

'10 0

UO 1.4
.,._.,_ r. 0 "0 ,'-_

_-.-t.,4)¢ 0 *q

D-60



t)
0
O0

O0 o
h-

0 0

o_ _

Or)'-- E_

CC C
O_

E

E
o
c_

o

0
U_

D-61



0

._

D-B2



r_
tO

(D
Q)

Q;

(/)-_

Zrn

O_

o0_c
UJ tO

Z
0"-

6

0

E
E
0

o

r

c

(I

8

rr

o_ C
r" "," .--

•_ _ _.__
_'E_ _o
_._o _

O_

.-_o

_<_
•E_ _ .-_

E
(J

O:

C
C
C
(/

n"

-d"

0

0

_-,

t.)

g

D-63

L

r

®



(.9

CO'O

Zm

_s

0o_ E
_J'E o
U.J m[J

Z _

Or"

wZ

8
r

E
E
0

113

£

¢-

0

0

•£ E
"0 I1_

_E

Q)

_g
0"_

o

0"_

8_
_E

CO

E

E
E
0

o

0

O0

D-64



O.

l-'r"
ZOO

o_C_

o _
E_._

O'--

LI.I
tr" ,.,

0

E
E
o

t-

O

E'," _ ._ • _

0 _ _ _ _ _

_ _.__ _ o o _- r"

.u_ O _ __. _ _

_'_ o _ _ ,','_®

.___ _ . _.___ o
_=,

._ ._._

.o _ .o

_
_o_

_.o _

___

_°_

-'=o°_

_._

ILl _I

I I

I' I 7

C_._ R _ o

_._....
_._

_..:_
_._._.._ _

o" '_ ._

._o _

.>.__ ;B _

_._._ - _ o

•r, ,_ _ _._

D-65



_o

oo CL

Z
W..C

C) .°

(Jr,-

0
_6
_oZ
LU _.
_0 0

z_
0
Q-E
o_EILl

=6

Cl
0

> ,,..,

E

(_ .--

o:)
-c ,_ c_

o,o<

_, _.-_

"_. -_

®

u

o

.el

_ oe

0 _-I -,-I U3
0 0 U 0

r,j ._m b.1 0 r.j

_ 0 k4 _q4 0

aJU) C_

_'_ _0_

! 1

D-66



E
O

U_

0_

tj

Z
iii (_

_.o

I"- e-.--

Z to
2_

6
Z

E

E
E
0

0

e-

E
E
0

0

>

0

_E

_EE
_ 0

L. o

'_ .._

m.__

<_

<_
Z ,.,

d

E _

E E
E
o E
o E

,o,

C:

E _ E
C0

E C E

0

u r=l o
o o, o

OI
t" _, t-

o _I o _, oo. _01 o.
c_ _ e-, _ al

I,

|

D-67



>,

O0,,/

I"--

_Z

Ov
0
od_
i..._
_5
Nz
z_

_E
IrE

0

8
£

0rl

E Z E
E E
0 0

8 £

e"- e,,-

0 OI 0

o. _1 o.

i1_ ID

,d
d _
_ E

E E
m E
El o
E 0
cl, ,_0

t./I
0

_1 o.
(/)

ml
OI

uI
OI

C

X

.__ _._
i.. 0 '_

E_

0

.6

_g

u

L

L
.'7

@

i i ' I

Ill ,4- @ "0._.,4 ",0 "
.O "0 0 L. @ C C _4_',_
0 L r_ L @,_ n
L re m @ L m m
I:1 0 I0 _ _ L _I J I_ L

Jo C 0 0 3 _ >,_
@ 3>- nufj _ _ _
U C 0 I 0_ 0
• 0 I:1-_ L,_ 70 n

._ _r OtY _,/ L
or3 L O_J4 - _

.,4.13;'-, ill .._ Ul
¢" @ "0 L ill ,-_

-,'_ 0 ',. r C 0(3 _UI4J 0_-- _ _ 0

(D @ m . O L @ m o_
,-4,-4;>, ,, r.E t-
3,4-_ 1:1 @ t@ 0""_

I1_'_ ,_ .,..I @ r U, JIO I1
r _ U U _ D 0
.IJ r" .._ 3 _ Ill 0,4

r" u @_._ E _ >

cU @ u r c • _J "'_ "m 11: _ 0 ,-_ .-_ 13
D--_ 0,.._ • _ <I I1

_ E n - 00_ >,

0.,_ @ L @ • 0 .

04 J O-_ O .,'4 _C 4J.O

_ ,n ,"'_ 0 3 I,.._ 0 • L @
Cl 4u 0 "' C _ _ t_

4_ L @ _ O0 U >',4
0 _ O.c U 3 ,,4 .,_ L
L @ _ _ @ID11: L O
13. ,.0_8 ¢" 0 @4-

0 C _6 0-0 & l& r
-_ 0._-_ E 0 0 _704J

_-_ • E_ L C C,.-I _'_T'_.

C _ CtN O_ > @; > L

4a C_ E','i 0_.,._,,.4 b3 n >-

D-68



c)

'-) A
(/)

(1) (-
C.).O

:_gg

oo

U.i _ e"
m o .=
z" _
0 .. c

0.-0 m

z

E
E
0

¢N
E m E c E

E _ E ,_ E
E _i E . E
0 _, 0 _: 0

o o_1 o c o
(,.JI C

('- _, [: ,e. ¢.

0 _1 0 _. 0

03 (10 rr Or)



"0

r-

CO o
I-- m

Z _

o,,_

O _
I.--_

Z •

u.I O

a: E

E
E
O

O

S

E

c-
o

E
E
O
O

O

>

5
o_

r, L_
X

• 0

_.__

<©

Z..,

E
O

(.

t-
o
D.

G

E
£
C
L

r_

E

E
E
O

ffl
¢-
O

0£ ©

E
E
O

S

¢,.

g: ®O3

_D

I

iil o'_

0 0

omll;
,-.¢ u u
i_ o ¢11

<

I I I

ffl

D-70



,4

CO&,.

i-,,fi
z ,,-

_r

0

o2-
I-- o
U") 6E

L_

z
0
a-5
_z
LLI
nr"

o
C

E
E
0

0

o ol
UI

o_
{Z _i
0

Ol

4

E
E
0

0

t-
O
0..

0

I',.
@o
tl,_,

I,,I t,'_ o_

O,"4 W

@ 0

0

P

OQ
-.t 0

I..I .,-I
ou N
,-4 _¢1 0

=a _ t.o,,-, E
I,.I I/I _.t 0

_ ._ ,,_ ._

_o_
_0_

D-71

O

0
O

0
,.C

0

.la

0
-,-I

4J

.I.J

::1
0

I-I

0

&



Q_

E
v

co _.
F-- m
z-r
UJ

0

o_t..-

_ °,
UJ_

Z

E
E
0

<
to
c_

l i

b..

% u

_- _ _i ,.,

_-_ .< , k_ "_>_._ _ '

,_ _ _._ _

_., _ _
"-_. _, '1 _

-_LL_ __'-_ ._,

_ _- _ _,_t-

. _ _ _ _" -_

D-72



b
%.

4

13

Zwd

o
_.).,

o_
F-

09

zo
0 c
n o

u_E
"'Eon-

O

eq

o

<

I

[ I [

<

I

q_

4
t<

ns

4 _

I

I
4

.E

0 0

_gX

D-73

_ o(/)

.-_o

_'_

0 c"

0 ¢,

0

0

E

(D
0
to
0
O_

S
t-
O

°d

So
rr_
_:E

_6

0 r"
o 0



E
f-.

u) 0
I-- '-

Oo

0

_d,-;

m6
zz
o ._

"E
E
0

_N

0

_ Q-'O
"-- 0 _

e'-

_E_ E
°_88

t.. _ F e-

,_ 0 0

"' p 0"_

o®®

•_- _ o'-
e--_ o

_- _:_E

_r_ CN U|

t_l Q)

o _1

0 0
e_ e_

0

or.t

I I
f I I--I

- _

o

•_ _ °

._ _i_ _ _

D-74

(..)
Lo

o
o

_B
==

4_

r_'t/

O

H

O

o

o

o"



t"

I--

Z13

o,_
(.3

o_
I-,-_

5_z
(/3

O

U

r"

g_

0 _0

,.- O
O .o

_E
_'_

O

_ C
i-" (1_

_E
EE
O o
O

_ -

_o£e'_ ..o

--- _
<z'F= 6

(,0

E

E
E
0

,{..2

o

Oi

4
_N

Q_ (',4

E E
E
o E
o E
_ e

r-

e._ m

_ m

,.d

E _
E _:
o E

E
0 C

O

E

E
E
O

£

0
Q.

I1)

i! '  ':ll, _ _



_-u_
Z •

LUQ.

_c

O-_

o_

_z
z_

n- E
O

c_

D O

p

E

_E

_E
_E
E8
E_
O D

O

_>-

gE

m_

Z m o

t'N

g:

E
E
E
0

c-
O

ffl

d
CO

r-

e-
I1)

E
E
0

c-
O
Q.

a)

if)

D-76

8



0

k"z,,

oz

0

09_

ZZ
0
Q- 0

E
0

ol..- _

E _D

_-_ _._

J2 c" 0

,_ _ _ _ .c_
0

,_>_ .._

c

('0

(D

E
E
0

o

0

c,v

,2

"_ L_ _._

• _ _ ,_ _'_

b-77



0

E

I.I1.1.,-_

0"o
u_
o,_
I--

_'_ .°

uJ

Eo
E
o

oQ.

CD

0

o _1
I,,,JI

o _1o.

0

_®_

o o.o
0 (/] _.
o

o

"_ e" 0

ol/';

_ Z

D-78

""-R-,_; '_,_"_
o _ ^ _tl[J_'_-;t_

__-_ ._;,__,,_,L_,j_,_,"
_:_ ,.,e_r_ o TM " _ , ,_,L_L



0

E
E
0

IJ.I

o'_

6
Z

E

E
E
O

c_

EE

Eo
E _

_E

E

m o

E

E E
E
o _

_ u

t-

o

_ 8

E

E
E
O

t-
O

,,4
p_

E
E
O

O

c-
O

I/I

J.

_2

< _ 0
0 0 0
co co 03

I I I

1 f'

D-79



r-.

E

0 ,-
u_
o
I*-- ""

LII.I .

O0 0

ZZ

0

0.- 0

_"E
E
O

8

d

"O
r-

CN

E
E
O

O

t-
O
e'l

i.

I%1

n

\

<

V_

1

J _

t3

|_
I_

-._

D-80



P_5
Z

o_
P-CO

5

Zo_
13.- C

o3 o
_E
a: E

0

u

d

0

(D

o _S

r"
0
O.

g
1/3

_0

0

0 _ 0 ,.--

"_ 0"_ ,.- 0

..= m 0 030 '_

_o

00300

_ r'_--

nn

¢M 0'_

to I

ol

l'i
_r

4
_4

c5"_

°_

D-81



e-

-6

}-

z_

0

I1- ..

UJ

,,i e"

nr E
E
0

0

0
0 _'_

E,_

r.

E

E_
.-- 0

.=_ >-

0

_'_

g_

E
E_E
0 0 0

0 _ _

E

0

0
n!°

E
E
E
C

< d

E _l E
E _1 E
E0 0

UI

e" _. r"

0 0

r" I

_ _1 _
E _l E

E -' Eo _I o
u El u
o 51 o

UI

oIr" r 1

o ®, o

)°
11: if) if)

_ u

_,.Dm

e.
o

.H

.H
c_

g

$4 ._ll -.l"
0 (..I

,-(C/) 0

._,.'I,_,
,-.i ml _:1.

._"_

F .I

.,ll

_._

o._ ®._.

o _ 8 ..,;_

_ _._

I I 1 i I

i r---1 Ill

°_ °

._ _._. ,._._

,., _ _ o,-,_

:l

o

u

D

• o _

A •

o . ..... _g

o_ :_

.--i

=" g...

"_" __ _"_ -_'-

. o %....

•,-, _ ._

. 0

_ ,_ o _ _,._._ ,., ..., _ •o .,:,o_ • _,,_ _,,,._ o

D-82



_D
C

Z

W >

oz

oo6
wZ
00

z_

_E
0
C_

.C

C
0

L_

_o

0
0 0

> 0

0

c- I

E t E E E
E ¢ E _ E
o E o E o
c) E c_ E (o
o c o c o

C C

c _ ce- c ¢'-

0 _ 0 _ 0

t._ C _D C _D
C C

O0 _ O0 _" (/)



>..

I--"

Z 0

0
U_

"'6
_Z

Z __

0 0

_E
E
0

nr

..2

.- "_en

_._-,= E

0 0

m _

_.__. _.

_ _o

4

E

E
E
0

£

t-
0

9

_0

t'-

(N
.N

._1
"Ohm

n" m

OOr-

tOUr"

m

f,3

I

r----i

0
i-

e,

e'
II
r.

L
0

O
(.
O_

U_

E

e
L

.X ,
e •
-,._ >

.,._

r •
_J2

+* m

:)
.._ (_
CC
.,-I

:3
0

ILl

8

U
r'

,-t

'0

e'
r,
I

Q.

I.
e
"0
.,-I

r
0
U

L

0
.F,'

0

L

e"

D-84



F-.

0'.3

O'3
h,.eO

u_6
_uz
z_

0
L)

_-_-_ _ _ _.c_.- 60

•__ o '.._-_ .c

,., _ _c_ _/ _,_ _>

_ 0_ _n 0 _ -_ _'o _ '_.'-



Z c
LU _,-

0
(J ..

h-

09 _.

n.-
0
(J

0

"_= E

(..) ._
(l) L-

r" ._

tO (_

(1)

.__ t-

O
0 "_

0.'=

X

D E
0

>E

Zm

d

E
E
0

E

0

0,)

E
E
0

c-
O
n

o")1 ¢1_

_ E

UI

0Jl 0

t_

1o
r,l
0

¢_ 4J r_

,10>-,

•,i ¢_

0 "

o

b]

:>

r_
00_

0 u u'_
:--¢ (Y] 0

• ,_ (-d 0 U
1.4 _ U .4

4JbO CWlD_ £

_ .,._ _ ,_ _

D-86

"_ f_
>,

W

o

_._

U
(J



t-

F-:_.

zo
w

0
o_
o_
P-co

WOO
OOtO

Z

06
a.z

tr"

E
E
0

o

O9

8
£

0

_o _
tn

to

_E

t-

-m E

0

o_

o

._o E

_,_o

>_- e-

<

I I

4J

_ I,_ ,.Q .,._ .._

_ ,.i_ _-_ _0 _

• _m_ 0_0_o

I:_ .,-,

,-4 0 Z: r_rO _ 0

r_ _._ _0
_ _ _._ _, 0_o

o_

r"
-,-t
0'1

D-87



-0

o
010_

O0c
0

o_

o6
_u z
03

_E
0

D-88



"I3

COn"

t--

o_-_
0 _ ._
a-m, E

03

Z

0,.. c-

n- E
0

._ ,,,'

o= ":-
r-"

o _

"_ ,If.t.

._ (.I
t" --

O_ _ 0 tO

_<oO

_ o

t'- rr' "0 ,_-,

._ < ._ .,,=

E_

I--E
E

L3

o
0

otn

o

09

r. I

El

ol

#
C_

_D

E
E
0
L)

o
¢)

t-
O

to

O_

D-89



u_g
i-" u..
Z

...4

0

0

o.,

Zo
o_

0



O9

w

o>_
u _

t-"

• E
_ O O

LuZ_

Z O

oE

rro _

g

2

e_ E

Q.r.

o

_._

O

u_ _ e- ._

2£.- _ _
-',,-E _
N o _

m _

'W

o

g

_ _" 0

OU-_

¢) ..C _

"_
o__ c:
o o "-

o_
_0_ _
m -_,--

"_e >

_ _: m

._c _ m

_°_,

•_ _ o._
._N.___>

_._'o _-

D-91



Z LL
uJ

O -a
u
o_
F- "_
_/'1 0 0

z o
o_
n _

_E
rrE

0

5-

_ ",k)

%... _ ,_

_ "-a

ii

_-gs

D-92



d
e-

l- o
ZT
UJ

O_
I-

w_t

0
0_ _

E
E
0 )

CD

¢-

_ E
E E
E o
o _'1
o _1 o
o 51 -"

o I
r- t-

O 0o. _l Q.

• •

o

0 _ 0

E_._o _._,

_-_ E

'_E.5 ,,,

tO 0 ,0

m o

--_ .

c 2-o>

_ gum

E
E
E
o
o

o

C
0
O.

ID

if)

0
.,,i

o u u'_

_Ele _ "_

,._ _l "__.

<

I
r---7 i

_°_o
g_oo=

B,-4 _

0 _ _

_4(.) U.,,_

D-93

x:_ .. o

oo

• _
_, .,d

O_=o_



_- c

z__
w,_

om
0

_6
"'Z

°!O_
_O
MJ

n-
O

U

t-

¢0 h.

0._ ¢

c" >-
._ t-_

E'o

3_

_.__
,,d ffl

.__S
0 I_ .

¢,-
_ C I1,1

<.9 E

0

t_

0'_

"1
C
q)

,-.)

_D
C_
O1

h _0

r'l ,--, t
C • ,.-, I/l
_1 bJ .,-, O1

• >t_
_Z Ul
bJ _m_

b") C _r

Ok_ _

0

>

C
0

0 u P_

¢- n
u x 6l
_LcJ U

>,0 ,_ ..-4

_OZ_

C_

I
l ,l

"_ 0 C U C CI_ (_
_Q C _ >_ ,_ 0 ",_

._ ._ . >, ._ +_ r

.p._._ _I t" "0 .I:Ir

",- C C 0 _',_'_" _1 _

_ 0 _ 0 _ 0_4J r c Ill O. _ _

_t'O t,. 60J U._ >,1_ 4a

C _ 3 • • O.'," C 3
• 00 ",'_ t_O

•_ C03 >_- _f_- u

•Z C 0 C_ (i U •
_,_ C .C ','_ '_ 0 • C U

C _-_-_ _I C JZ U/:
0 ZZ_ _ID • C_ 0 l:h
,_ 0_- E _ _ 3

f- _ m_ 0 0 D.._N 0 C

.tJ U'J I_ N "O , _. _J

C _I O.._ _ ,-_ 011 0 _1

0 >,0 _10_ _
_ >_ _ 0 C_ u_- 0

J_ ¢f_ '0 _ ,-_ .,u,,,-0.p, '_ C

0._ C 00 _,0"_',- _
• ,_ 0 C 0

JO g_

• v • > _ 03Vl,-O
a. O0'_ _ 0_0 _-

0-94

0

'I!'



i"-

e"

t-
¢-

_1

U'J C
i_ c-

0

iii .°

Z_

2o
ff) Z

r_ 0

E
E
E
0

"E

.-- e._

E'o
._ _.)

0 ,*--'

£E

0 0

<.£

<
Z'E

4

E

E E
Eo

t-
O

if)

E
E
E
0

£

e"

0
e_
ffl

o3 r_

_11 Ik_'; "_ _ ' b, "_

-4 _,_'-_--,_ _ _ Z _,

D-95



N

z
l.lj e-

_m
O ..

O
_5
_./)z

z

2_
_oE

£

E

E
E
O
O

O

_oE
O

X

>.

Z .,..,

E
E
0

£

e-.
o

if)

4

E
E
0

t-
0

%,

\

'_ II1

I I
I

D-96



E

>.
"1-

Z m

O _

o2

U)
w ..
ff) u'_

2o
ff?Z

E
E
o

E

c

E
E
o
o

D
o

o f-

_E
E

c- o

._.

x _

m e'_

e_
m _

<_
Z+.,

P,

g:

t'N

E
ID

E
E
o

£

ffl
c-
o
e_

E E
E

U

l-

ID

t_
_x

\

<

I t

I I I

4,.°

-4 -

_ _ ,_

L
")

t
/

D-97



_u_

U

o_

_0 .

uJ 0
¢hZ

Z

O

©

E

E
E
O
o

O

_E

m
X

eJ >.

Z._

8

g:

E _i

O

UI
O

if)

E
O

_ 8
O

E
O

O

d

E
E
O

E
0
O.
(/)

O

tO

®

O_

A:I

0,,4

_D

V---1

0

0

o_

_11 "H O .-

I I

I I I I

o m_ _I 0

0 ¢11_

0 • i#_ •

° "

_0 ®

0 4a o _o

_-_ _ _,_ O_ 0 _-a _;,H

D-98



"O
c"

Q

O

U) O

I--

Z.C:
LLI

og_

on,-o :_a-
mN
mrr
II

5
Z

r-

E

E
0

C
C
C

n,
£C

E
E
0

(0

0

o=

L. C:

_._

._i_ _._ oi__ _ o

E o = >"o

•-_-_ _._'_o= _<

_.,_ E.E_

-_ge_EN

m Q...O _-._

.I-'E _ E _-'_

-- _ r ¢-

,--I

_. _ _'_

O O I

_, _z_ ._. o o"

z_

.0

o
.,-t

o

I I

I

_, M'_ _

cu

o

°,-t .,_ _ o ,-,-t

o ,-_

,_ _ _ ..-, ,_ _ _ •
•,_ (,3 _ "(3 H 0

o _. o _ _ _ _

D-99



D-IO0



APPENDIX E

RESPONSES TO FEDERAL, STATE, AND LOCAL
GOVERNMENT ORGANIZATIONS





APPENDIX E

RESPONSES TO FEDERAL, STATE, AND LOCAL

GOVERNMENT ORGANIZATIONS

The U.S. Environmental Protection Agency published a Notice of Availability for the

Cassini mission Draft Environmental Impact Statement in the Federal Register on

October 21, 1994. The public review and comment period closed on December 20, 1994.

Timely comments were received from the Federal, state and local government

organizations listed in Table E-1.

Where no extension of the comment period was requested and granted, untimely

comments were still considered if received before March 3, 1995 (see Table E-2). As of

March 3, 1995, one letter was received after the comment period closed, and is included

in this Appendix.

This Appendix provides specific responses to the comments received from the

Federal, state and local agencies listed in Tables E-1 and E-2. Copies of the comment

letters are presented in the following pages. The relevant issues in each comment letter

are marked and numbered for identification along with the National Aeronautics and Space

Administration's (NASA's) response to each issue. Where changes in the text were

appropriate, such changes were noted in the comment response.

The comments received from the Federal, state and local government organizations

related to the following issues in the Environmental Impact Statement (EIS):

• environmental impacts on groundwater near the launch site

• cumulative environmental impacts on the stratospheric ozone

• clarification of radiological impacts analyses

Information on these topics is addressed in the following sections of the EIS:

Groundwater impacts near the launch site--The description of the groundwater in the

Cape Canaveral Air Station/Kennedy Space Center regional area is presented in Sections

3.1.5.3 and 3.1.5.4. In addition, Sections 4.1.2.6 and 4.2.2 discuss the environmental

impacts on the hydrology and water quality from a normal launch.

Cumulative impacts on stratospheric ozone--The impacts on the upper atmosphere

includes a discussion of the potential cumulative impacts on the ozone layer including

those from other launches. The discussion is provided in Section 4.1.2.3 of the EIS.

Radiolo.qical impact analyses--Sections 4.1.5 through 4.1.8 and Sections 4.2.5 through

4.2.8 discuss the following: the methodologies used in the radiological assessments,

radiological consequences, and risk analyses for the Cassini mission.
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